**************** 



*■ *Z**K 





Disclosure to Promote the Right To Information 

Whereas the Parliament of India has set out to provide a practical regime of right to 
information for citizens to secure access to information under the control of public authorities, 
in order to promote transparency and accountability in the working of every public authority, 
and whereas the attached publication of the Bureau of Indian Standards is of particular interest 
to the public, particularly disadvantaged communities and those engaged in the pursuit of 
education and knowledge, the attached public safety standard is made available to promote the 
timely dissemination of this information in an accurate manner to the public. 

Jawaharlal Nehru 
Step Out From the Old to the New 



mrjsssss^^ft^: 




,_A» 




**************** 



BLANK PAGE 



<_<ii££ 





UJ> 



PROTECTED BY COPYRIGHT 



IS 14641 :1999 
ISO 5389: 1992 



cUlf>H^cb — PUMKH xrff^TUT ^tf%cfT 

/nd/an Standard 

TURBOCOMPRESSOR — PERFORMANCE 

TEST CODE 

ICS 23.140 



© BIS 1999 

BUREAU OF INDIAN STANDARDS 

MANAK BHAVAN, 9 BAHADUR SHAH 2AFAR MARG 
NEW DELHI 110002 

February 1999 Price Rs. 400.02 



IS 14641: 1999 
ISO 5389: 1992 

NATIONAL FOREWORD 

This Indian Standard which is identical with ISO 5389:1 992 Turbocompressors — Performance test code' 
issued by the International Organization for Standardization (ISO) was adopted by the Bureau of Indian 
Standards on the recommendations of the Compressor, Blowers and Exhausters Sectional Committee 
(HMD 22) and approval of the Heavy Mechanical Engineering Division Council. 

The text of ISO standard has been approved for publication as Indian Standard without deviations. 
Certain terminology and conventions are, however, not identical to those used in Indian Standards. Attention 
is particularly drawn to the following: 

a) Wherever the words 'International Standard' appear referring to this standard, they should 
be read as 'Indian Standard'. 

b) Comma (,) has been used as a decimal marker while in Indian Standards, the current 
practice is to use a point (.) as the decimal marker. 

In this adopted standard, reference appears to certain International Standards for which Indian 
Standards also exist. The corresponding Indian Standards which are to be substituted in their place 
are listed below along with their degree of equivalence for the editions indicated: 

intematbnal Standard 



ISO 31-0 :1981 
ISO 31-1 :1978 
ISO 31-2: 1978 
ISO 31-3: 1978 
ISO 31 -4: 1978 
ISO 31-5: 1979 
ISO 31-6: 1980 
ISO 31-7: 1978 
ISO 31 -8: 1980 
ISO 31-9: 1980 
ISO31-10:1980 
ISO 31 -11 :1978 
IS031-12:1981 
ISO 31 -13:. 1981 
ISO 1000: 1992 

The concerned technical committee has also reviewed the provisions of ISO 5167-1 : 1991 
'Measurement of fluid flow by means of pressure differential devices — Part 1 : Orifice plates, 
nozzles and Venturi tubes inserted in circular cross-section conduits running full' referred in this 
adopted standard and has decided that it is acceptable for use in conjunction with this standard. 

In reporting the results of a test or analysis made in accordance with this standard, if the final value, 
observed or calculated, is to be rounded off, it shall be done in accordance with IS 2: 1 960 'Rules for 
rounding off numerical values ( revised)'. 



Corresponding Indian 


Degree of 


Standard 


Equivalence 


IS 1890 ( Part 0): 1983 


Identical 


IS1890(Part1):1982 


do 


IS1890(Part2):1982 


do 


IS 1890 (Part 3): 1982 


do 


IS 1890 (Part 4): 1982 


do 


IS1890(Part5):1983 


do 


IS1890(Part6):1983 


do 


IS 1890 (Part 7): 1983 


do 


IS 1890 (Part 8): 1983 


do 


IS 1890 (Part 9): 1983 


do 


IS 1890 (Part 10): 1983 


do 


IS 1890 (Part 11 ): 1982 


do 


IS 1890 (Part 12): 1983 


do 


IS 1890 (Part 13): 1983 


do 


IS 10005: 1985 


do 



(i) 
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Introduction 

The terms "guarantee" or "guaranteed" and "performance" used in this International 
Standard are to be understood in the engineering rather than the contractual sense. 
A guarantee relates to a specific aspect of the plant or its operation which is defined in 
the contract. 

With the aid of the test described in this International Standard, the actual perform- 
ance data cap be compared with the guaranteed values. 

The contractual consequences of any deviations are not covered by this International 
Standard. A satisfactory test result does not signify acceptance in the contractual 
sense, as such acceptance may depend on other conditions stipulated in the contract. 

This International Standard provides standard directions for conducting and reporting 
tests on compressors to establish their performance concerning one or more of the 
following aspects under specified conditions and for comparing the results with the 
guaranteed performance: 

a) the quantity of gas or vapour delivered; 

b) the pressure rise or pressure ratio produced; 

c) the power required for compression or the efficiency of the compressor 
(according to specified definitions); 

d) the stable working range — surge and maximum flow limits. 

To meet this purpose, this International Standard establishes rules concerning 

a) the test procedure (including the measurements to be taken, and the prep- 
aration and execution of the test); 

b) the instrumentation to be used to provide adequate accuracy; 

c) the methods of converting the test results in order to provide values that may 
be compared with the guaranteed figures; 

d > the confidence limits of the converted test results according to the accuracy of 
the particular measurements. 
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Indian Standard 

TURBOCOMPRESSOR — PERFORMANCE 

TEST CODE 



1 Scope 

This International Standard covers blowers or compressors and 
exhausters of the centrifugal, mixed flow, or axial flow types 
(inclusively covered by the term turbocompressors), with and 
without intercooling, handling any vapour or gas the physical 
properties of which are reliably known. 

It may be applied to any compression process, with or without 
bleed-off or sidestreams, which takes place in one or more 
casings. 

This International Standard gives no rules for the measurement 
of any other aspect of the compressor which may be the sub- 
ject of a guarantee, such as 

a) mechanical performance; 

b) vibrations; 

c) pulsations; 

d) noise level; 

e) service and reliability; 

f) commercial questions. 

The theory used in this International Standard is based on the 
laws of similarity of fluid flow (similar velocity triangles). The 
observation of these laws determines specific requirements for 
the execution of acceptance tests. In all cases, where a close 
approximation to these requirements is not possible, this Inter- 
national Standard can only be applied by mutual agreement. 
Compressors supplied to handle gases the physical properties 
of which are not reliably known can only be tested within 
certain limits. 

For identical compressors, produced in series, the testing of an 
arbitrarily chosen sample may be agreed upon. 



2 Normative references 

The following standards contain provisions which, through 
reference in this text, constitute provisions of this International 
Standard. At the time of publication, the editions indicated 
were valid. All standards are subject to revision, and parties to 
agreements based on this International Standard are enuc -aqed 
to investigate the possibility of applying the most recent editions 
of the standards indicated below. Members of I EC and ISO main 
tain registers of currently valid International Standards. 

ISO 31 (parts to 13> 1) , Quantities, units and symbols. 

ISO 1000 : — 2), SI units and recommendations for the use of 
their multiples and of certain other units. 

ISO 5167-1 : 1991, Measurement of fluid flow by means of 
pressure differential devices — Part 1: Orifice plates, nozzles 
and Venturi tubes inserted in circular cross-section conduits 
running full. 



3 Definitions, formulae and reference 
processes 

For the purposes of this International Standard, the following 
definitions apply. 

3.1 Definitions relating to compressor 
performance 

3.1 .1 standard inlet point : The inlet point considered to be 
representative of the compressor. It is generally at the com- 
pressor inlet flange. 



1 ) Currently under revision. 

2) To be published. (Revision of ISO 1000 : 1981.) 
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3.1.2 standard discharge point: The discharge point con- 
sidered to be representative of the compressor. It is generally at 
the compressor discharge flange. 

3.1.3 Quantity of gas or vapour delivered 

3.1.3.1 usable mass rate of flow for a compressor: The 

mass rate of flow delivered at the standard discharge point. 



3.1.3.2 usable mass rate of flow for an exhauster: The 
mass rate of flow aspirated at the standard inlet point. 

3.1.3.3 actual inlet volume flow for a compressor: The 

actual volume rate of flow compressed and delivered at the 
standard discharge point, referred to the conditions of 
temperature, pressure and composition (for example humidity) 
prevailing at the standard inlet point. 

3.1.3.4 actual inlet volume flow for an exhauster: The 

actual volume rate of flow aspirated at the standard inlet point. 

NOTES 

1 Unless otherwise specified, the actual inlet volume flow will be 
referred to total temperature and total pressure. 

2 For gas-vapour mixtures, see A. 4.2. 7. 



3.2 Basic formulae for gases 

Gas basic formulae are given in table 1 . 



3.3 Reference process 

The determination of the internal power (3.6.5) is based on the 
assumption of a reversible reference process, hence the 
necessity of a definition of the corresponding efficiency, taking 
account of energy losses due to the irreversibility of the actual 
compression process. 

The reference process is characterized by the law 

p = m 

which is used to determine the specific compression work : 



W„ 



= 1 vdp 

J 1 



The total specific compression work is thus determined using 
the equation 



Wm,x = W m + 



2 _ 



By approximation with the low flow speeds (Ma < 0,2) 
normally prevailing in the inlet and discharge nozzles, the total 
pressures and total temperatures can be used in the calculation 
directly : 



W. 



,i= j IvMt 



Table 1 — Gas basic formulae 



No. 


Term 


Formula 


For a real gas 


For a perfect gas 


3.2.1 


Equation of state 


pV = ZRT 


pV = RT 


3.2.2 


Compressibility factor 


Z 


Z = 1 


3.2.3 


Isothermal deviation 
factor 


V \dpjT Z \dpjT 


Y = 1 


3.2.4 


Isobaric deviation 
factor 


*-K$,-'-!($, 


X = 


3.2.5 


Isentropic exponent 


p \dVjS Y 


c p 
K = y = — 


NOTES 

1 The data serving as a reference for the determination of gas properties shall be agreed between purchaser 
and vendor. 

2 Clause A.I deals with general recommendations relating to the thermodynamic data for gases and gas 
mixtures. 

3 Clause A.2 deals with specific recommendations for some of the more common gases. 
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3.4 Reference processes for use with perfect or 
near-perfect gases 

The following methods of computation of specific compression 
work are recommended to be applied 

— when agreed between purchaser and vendor, or 

— when the deviation of gas properties from perfect gas 
laws at any state point of the compression process of an 
uncooled compressor, or at any state point of a com- 
pression section included between two successive inter- 
coolers of a cooled compressor, do not exceed the limits 
given in table 2 for the appropriate pressure ratio. 

Within the limits given, the errors in specific isentropic com- 
pression work and discharge specific volume will be less than 
1 % and 2 % respectively if calculations are made according to 
perfect gas laws instead of real gas equations. 

It is recommended that in most cases polytropic compression 
be used as the reference process. 

Polytropic compression should always be adopted for any case 
in which the gas used for the acceptance test has a ratio of 
specific heats which differs from that of the guarantee gas by 
more than 1 96. 



3.4.1 Polytropic compression 

3.4.1.1 A polytropic compression process fallows the law 

pv" - py v-|" = constant 
where for perfect gases 



3.4.1.2 The specific compression work based on static con- 
ditions is calculated using 



"(H) 



W, 



m.pol 



i>~*-b$««[&y -\ 



3.4.1.3 In its general form the polytropic compression offers, 
owing to the free choice of the exponent n, great liberty in 
adapting it to any change of state. With n - y the com- 
pression becomes isentropic. When n approaches unity, the 
compression approaches an isothermal process. If, with 
multistage compressors, a single-stage reference compression 
does not represent the actual process with sufficient accuracy, 
a multistage polytropic compression may be chosen. From the 
above it follows that the polytropic compression is suited for 
cooled and uncooled, and for single-stage and multistage, 
compressors. 

3.4.1 .4 In the case of compressors with interstage cooling the 
polytropic compression approaches isothermal compression at 
one extreme, and isentropic compression at the other, de- 
pending on whether the process takes place at a constant 
temperature or the aerodynamic flow losses only are removed 
by the cooler. An approximation has to be made by suitable 
choice of the exponent n and the number of stage groups ac- 
cording to the arrangement and effectiveness of the cooling. 

3.4.1.5 For compressors without cooling (adiabatic com- 
pression) the isentropic process is often used as a reference, 
but here too the polytropic process offers a better basis on 
which to assess the aerodynamic losses of a compressor. 

It takes into account the increased compression work caused 
by the reheat losses. This increase is particularly noticeable at 
either high pressure ratios or tow efficiencies. 

3.4.2 Isentropic compression 

3.4.2.1 In this reference process, compression takes place 
over the whole part of the pressure range (depending on 
whether it is a single-stage or multistage machine) at constant 
entropy, i.e. n - k. 



Table 2 1 > — Limits for the pressure ratio 



Pressure 
ratio 2) 

P2_ 
P\ 


Maximum ratio 

between maximum 

and minimum values 

of K ( = y) 


•■*max 


v . 

"mm 


y 

1 max 


v ■ 

1 mm 


1,4 

2 

4 

8 
16 
32 


1,12 
1,10 
1,09 
1,08 
1,07 
1,06 


0,279 
0,167 
0,071 
0,050 
0,033 
0,028 


-0,344 

- 0,175 

- 0,073 
-0,041 
-0,031 

- 0,025 


1,071 
1,034 
1,017 
1,011 
1,008 
1,006 


0,925 
0,964 
0,982 
0,988 
0,991 
0,993 


1) Table taken from Ml. 

2) For pressure ratios between those shown, the limiting values shall be obtained by interpolation. 
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3.4.2.2 Isentropic compression follows the law 
pv K = /?i vf - constant 



3.4.2.3 The specific compression work based on static con- 
ditions is expressed by the equation 



W, 



J 1 *-1 \\Pl} 



K-1 1 



3.4.3 Isothermal compression 

In this reference process, compression takes part over the 
whole (single stage) or part (multistage) of the pressure range 
at a constant temperature. As a rule the inlet temperature 7", of 
the compressor or stage group under consideration is used. 
The exponent/? = 1, and the specific compression work based 
on static conditions is defined by the equation 



W, 



ml 



= j^dp^^ln^j 



3.5 Reference processes for use with real gases 



3.5.1 General 

When tables, equations of state or charts giving the ap- 
propriate thermodynamic data are available, it is recommended 
that they be used to determine the specific compression work 
(see 3.5.2). 

When such tables, equations of state or charts are not available 
and the limits of table 2 are exceeded, it is recommended that 
polytropic compression be adopted as the reference process 
and the specific compression work should be computed by the 
Schultz method of polytropic analysis (see 3.5.3 and [2]). 



3.5.2 Method using tables or charts 

If possible, the gas properties, especially for gas mixtures, are 
best determined from tables and equations of state since the 
diagrams are in general less accurate (see clauses A.1 to A. 3). 

The properties represented in diagrams and tables are today 
frequently compiled in the form of computer programs which 
can readily be included as subprograms in the calculation 
programs for the design of the compressor and test evaluation. 

Specific information about the determination of these gas 
properties and changes of state cannot be listed here owing to 
the multiplicity of the processes and values used. The user 
of this International Standard is referred to the relevant 
literature. 



3.5.3 Methods of polytropic analysis (Schultz method) 



3.5.3.1 The formulae of the following method are derived 
from the method developed by Schultz (see {2]). 



3.5.3.2 The determination of exponent n for the general case 
of real gases is carried out assuming that the efficiency remains 
constant throughout the process : 



dp 

"•"■-"-ST 



[ ("dpjpoi 
3 i 



3.5.3.3 This makes it possible to determine an average 
polytropic exponent with sufficient exactitude : 



1 



where 



Y M — m (1 + X M ) 



c pM \7pol / 






'/pol - 



R Zfo 



mc pM ~ R %M *m 



with average values for the gas stream : 
Z, + Z 2 



Xm — 



2 




*t + 


x 2 


2 




c p\ + c p2 



c pM 



The above averages are a simplification valid for pressure ratios 



El 
P\ 



< 4. 



For higher pressure ratios, it is recommended that Schultz's 
method be followed, i.e. averages are formed with double 
weight given to the mid-point. The mid-point can be chosen at 
the square root of the pressure ratio and half the temperature 
rise. 

For pressure ratios up to 4, the difference between the results 
of both methods is less than 0,2 % for specific polytropic com- 
pression work and 0,5 °C for discharge temperature. 
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3.5.3.4 Theoretically, the exact assessment of the specific 
polytropic compression work assumes the previous compu- 
tation of factor <f by use of the formula 



h', 



where 

*i 
h' 2 



R {Z 2 T 2 - Z x T y \ 



K - 1 



is the enthalpy at the inlet; 

is the resulting enthalpy at the outlet if the process 
had been isen tropic. 



NOTE — Where specific values of the factors X, Y and Z are not 
available values may be obtained from the generalized curves given in 
annex D. 



3.5.3.5 The specific compression work based on static con- 
ditions may thus be determined : 



W, 



m.pol 



J 1 



d/>) P oi = 



2 M RT, \lp 2 \ 



MOTE — This equation is not strictly correct (see [2]) and should only 
be used in cases where the compressibility factor Z is substantially 
constant throughout the compression process. 

The equation for W m poJ given in figure D.9 can also be used. 

Pi 
3.5.3.6 For compression ratios — < 4 the correction factor £ 

Pi 
may be considered as equal to 1 and can therefore be neglected 
in the computation. 



Unless otherwise agreed, the reference efficiency is based on 
total conditions and the formula becomes 



W m + 



<C 2 2 - C, 2 ) 



1\ = 



*t,2 ~ «t,1 



Where there is deliberate cooling within the machine (or sec- 
tion of the machine) under consideration, this formula becomes 



W m + 



<c 2 2 - cf) 



It = 



*t,2 - \l - Ql - 2 



where Qy _ 2 is the heat removed by the cooling within the 
machine (or section of the machine). 

The above definition is complete only when the type of the 
reference process adopted is indicated by the corresponding 
subscript. Consequently reference efficiencies are given by the 
following formulae. 



3.6.1.1 The polytropic efficiency 



"m,po( 
*" = A 2 "Ai-Qi-2 

(c 2 2 - c, 2 ) 

^Vpoi + 2 

fpoi,t = ~~Z 7 ~ 

"t,2 - «t,1 - Gl - 2 

See also 3.5.3.3. 



3.5.3.7 For similarity testing of compressors without 
intermediate cooling, a single-stage process should be 
adopted, determining an average polytropic exponent such as 
defined above. 

3.5.3.8 For tests of compressors with intermediate cooling a 
multistage reference process should be adopted with polytropic 
exponents suited to each section included between two suc- 
cessive intercoolers. 

3.5.3.9 Similarity calculations according to Schultz's method 
are shown schematically in figure D.7. 

3.6 Definition of reference efficiency, power and 
losses 

3.6.1 reference efficiency, rj^, q s or t] T : Ratio of the 
specific compression work to the total enthalpy rise in the 
machine (or section of the machine) within which there is no 
deliberate cooling and when based on static conditions as 
defined by the formula : 



v 6p 



W 



n = 



3.6.1.2 The isentropic efficiency 



W„ 



Is = 



h 2 - h-, - Qt _ 2 
<c 2 2 - c, 2 ) 



»v s + 



n&,t = 



\2 - A t,i - Q\-2 



3.6.1.3 The isothermal efficiency 



lr = 



*T.t 



h 2 ~ A 1 ~ Q\ - 2 

(c 2 - c 2 ) 

*t,2 - *t,1 ~ Ql - 2 



3.6.2 reference power P^, P s or P T : Power absorbed by 
the gas during the reversible reference process excluding any 
losses. The reference power shall be defined with the subscript 
corresponding to the adopted reference process. 
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The formulae for the reference power are also different 
depending on the calculation system of the specific com- 
pression work. 

Unless otherwise agreed the reference power is based on total 
conditions and is given by the following formulae. 



3.6.5 internal power, P m : Power effectively absorbed by 
gas during the actual compression process. It is given by the 
formula 



P " = V^ + & + P L 
'/poU 



3.6.2.1 The polytropic reference power 



or 



"pot, X — Qm\ W m , pol + 



2 _ -2 



l ) 



3.6.2.2 The isentropic reference power 



i^m,s + C2 2 Cl ) 



3.6.2.3 The isothermal reference power 



Pj.X = Qn 



K- ^) 



Where the local Mach number at the standard inlet and 
discharge points is less than 0,2 it is sufficiently accurate to 
calculate the reference power directly from total conditions 
using the following approximate formulae: 



^pol,t ~ ff»» W m,pfA,t = «m j ^d/?) tpo | 
P st = Qm ^m.s.X = Qm j <^dp) ts 

P r t * Qm W m,J,t = Qm \ <" dp) t ,T 

J 1 



3.6.3 heat transmission losses, Q a : Losses due to heat 
transmission from the area A Cs of the compressor casing to the 
ambient atmosphere, expressed by the formula 

Qa = «^Cs<'MCs ~ 'a> 

For values of Q a less than 0,02 P e , an approximate value can be 
adopted for or, i.e. 

a = MW/tmZ-K) 



3.6.4 power loss due to leakage, P L : Losses due to leakage 
through external labyrinths; these can generally be calculated 
using the formula 



^L = Etfm.L- A \ 



J°in = "^ + Qa + ^L 



or 



^in = 



*r,t 



+ Qa + *L 



For compressors with intermediate cooling the sum of internal 
powers in each section between two successive intercoolers 
should be computed : 



"in — "iri| "*" "in H + ••■ + "in 



3.6.6 mechanical power losses, P f : Losses due to friction 
in the bearings and sealing rings and in any transmission gear 
contractually included within the compressor. 



3.6.7 effective compressor power, P e : Power input at the 
coupling of the compressor or at the coupling of the trans- 
mission gear depending on the contract agreement. It is given 
by the formula 



Pe = ^in + P\ 



3.6.8 power loss in driving machine, P Pr : Power loss in 
the turbine or in any other driver of the compressor and the 
intermediate driving system. 



3.6.9 total power of the unit, P un : Power given by the for- 
mula 



P„ n = P* + Pi 



Pr 



3.6.10 internal efficiency, tj in : Ratio of the reference power 
defined in 3.6.2 to the internal power. 

Its value depends on the type of adopted reference process. 
Internal efficiency is given by the formulae 



fin.pol ~ p 



pol,t 
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fin,s *"" 



P M 



tfin.T = 



p r,t 



3.6.14 overall efficiency of the unit, ij un : Efficiency of the 
unit which takes account of all energy losses of the unit, 
including compressor, transmission gear and driver. It is given 
by the formula 

lun = lelPt 



3.6.11 mechanical efficiency, /? f : Ratio of the internal 
power to the effective power at the coupling of the -com- 
pressor, or at the coupling of the transmission gear, depending 
on the contract agreement. It is given by the formula 



Pn 



If = 



Pin + Pi 



3.7 Definition of tolerance, inaccuracy and 
uncertainty 

As used in this International Standard, the terms "tolerance", 
"inaccuracy" and "uncertainty" have specific and clearly 
different meanings. 

3.7.1 tolerance : Amount by which the value of a particular 
parameter or a quantity is permitted to deviate from a set value 
by the terms of the contract or other agreement. 



3.6.12 effective efficiency, ri e : Ratio of the reference 
power defined in 3.6.2 to the effective power at the coupling of 
the compressor, or at the coupling of the transmission gear, 
depending on the contract agreement. It is given by the for- 
mula 



Qm 



fe = 



( Wdp) t 

±2 

P* 



Imli 



3.7.2 inaccuracy: Extent by which the measured or com- 
puted value of a parameter or quantity deviates from the true 
value, resulting from the inevitable errors in measurement and 
computation. 

3.7.3 uncertainty: Maximum likely magnitude of the inac- 
curacy of a particular parameter or quantity such that it can be 
said with at least 95 % confidence that the measured or com- 
puted value does not deviate from the true value by an amount 
greater than the stated uncertainty. 



Its value depends on the type of adopted reference process. 



3.6.13 primary efficiency, ijp T : Ratio of the effective power 
of the compressor to the power or energy input to the driver. It 
is given by the formula 



fPr = 



P e + P, 



Pr 



4 Symbols and subscripts 

The symbols, subscripts and definitions used in this Inter- 
national Standard are in accordance with ISO 31 and ISO 1000, 
and are given in tables 3 and 4. 

Equations used are dimensionally homogeneous. 

To simplify use of this International Standard, conversion 
factors are given in annex C. 
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Table 3 — Symbols 



Symbols 


Quantities 


Definitions and observations 


Dimensions 11 


A 


Area 




L 2 


a 


Sonic velocity 


a = sJkZRT 


LT- 1 


b 


Outlet tip width 




L 


c p 


Molar specific heat at constant 
pressure 


C p = Mc p 


ML2T-2 0- 1 mol- 1 


Cy 


Molar specific heat at constant 
volume 


Cy = MCy 


ML 2 T- 2 0- 1 mo|- 1 


c 


Absolute velocity 




LT" 1 


C P 


Specific heat at constant pressure 




L 2 T -2 -1 


cy 


Specific heat at constant volume 




L 2 T -2 -1 


D 


Reference diameter of the rotor 




L 


F 


Torque 




ML 2 T- 2 


G 


Precision class 




dimensionless 


h 


Specific enthalpy 




L 2 T -2 


hx 


Total specific enthalpy 


*.—(?) 


L 2 T -2 


M 


Molar mass 


Mass which corresponds to one mole 


M 


Ma 


Mach number of the flow 


Ma = — 
a 


dimensionless 


Ma x 


Approximate Mach number of gas 
flow through area A 




dimensionless 


Qm \jZRT t 


Ma, — . \l 

1 A Pi* K 


Ma u 


Peripheral Mach number (arbitrary 
definition) 


Refers in this International Standard to inlet 
conditions 


dimensionless 


m 


Polytropic exponent in the p - T 
diagram 


—— = constant 
T 

See also 3.5.3.3 


dimensionless 


rrtj 


Mass proportion of a gas 
component 




dimensionless 


N 


Speed of rotation 




T" 1 


N< 


Ratio of reduced speeds 


N,l N \ It N \ 


dimensionless 


\V*Zl7WTe/\V*Z 1 7t /1 /Gu 


n 


Polytropic exponent in the p—V 
diagram 


pV" = constant 
See also 3.4.1 


dimensionless 


P 


Power 




ML 2 T~ 3 


P 


Absolute static pressure 


Force to be exerted on the unit area moving with 
the gas 


Mt_- 1 T- 2 


Pa 


Atmospheric pressure 




ML-'T- 2 


Pd 


Dynamic pressure 


See 8.1.3 


ML- 1 T- 2 


Pe 


Effective (or gauge) pressure 


Pe = P ~ Pa 


ML-'T" 2 


Psat 


Saturation pressure 


Saturation pressure at temperature of the 
vapour-gas mixture 


ML-'T- 2 


Pt 


Total pressure 


Px = P + Pa 


ML" 1 T~ 2 




I 
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Symbols 


Quantities 


v Definitions and observations 


Dimensions 1 ' 


P\l 


Partial vapour pressure 




ML^T" 2 


Q 


Heat flow 


Quantity of heat supplied or delivered per unit time 


ML 2 T- 3 


Qco 


Corrected heat losses (equivalent) 




ML 2 T" 3 


Qm 


Internal heat losses (equivalent) 




ML 2 T- 3 


6me 


Mechanical heat losses (equivalent) 




ML 2 T- 3 


Qa 


Heat losses by thermal transmission 
from the surface 




ML 2 T" 3 


Qm 


Mass rate of flow 




MT- 1 


Qv 


Volume rate of flow 




L 3 T -1 


R 


Specific gas constant 


„ -^mol 
R= M 


|_2 T - 2 0-i 


Re u 


Peripheral Reynolds number 
(arbitrary) 


v t,i 
Refers in this International Standard to total inlet 
conditions 


dimensionless 


^mol 


Universal gas constant 


/? mo , = SSMJ-kmoM-K- 1 


M^T^e-^or 1 


n 


Volumetric proportion of a 
component 




dimensionless 


s 


Specific entropy 




L 2 T-2 -i 


T 


Absolute static temperature 


Temperature on Kelvin scale 


© 


t 


Usual static temperature 


Temperature on Celsius scale 


e 


'd' ^d 


Dynamic temperature 







'sat' 'sat 


Saturation temperature 







(x.T x 


Stagnation temperature (total) 


't = ' + 'd 
Tx = t + r d 
See 8.1.4 





u 


Peripheral velocity 


« = nDN 

Peripheral velocity at reference diameter 


LT- 1 


V 


Volume 




l_3 


v, 


Ratio of volume rate of flow ratios 


lQvx2/<ilvxihe 

V - 

{Qv.xzIQvx^Gu 


dimensionless 


V 


Specific volume 


Volume per unit mass 


M- 1 L 3 


Wm 


Specific compression work 


W m = \\vdp 


L 2 T -2 


X 


Isobaric deviation factor 


See 3.2.4 


dimensionless 


X 


Variable 




as used 


Y 


Isothermal deviation factor 


See 3.2.3 


dimensionless 


y 


Molar proportion 




dimensionless 


z 


Compressibility factor 


See 3.2.2 


dimensionless 


z 


Number of stages considered 


indicates also number of stage groups separated by 
intercoolers 


dimensionless 


a 


Heat transfer coefficient 


Rate of heat flow per unit area of surface per unit 
temperature difference 


MT- 3 ©- 1 


v 


Ratio of specific heats 


c p 
c v 


dimensionless 
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Table 3 — Symbols (concluded) 



Symbols 


Quantities 


Definitions and observations 


Dimensions 11 


r 


Work input coefficient 


A h. 

r = — 1 

M 2 


dimensionless 


Ax 


Absolute difference or variation of x 




same as for x 


Ax 

X 


Relative difference or variation 




dimensionless 


i 


Blade position 


Position of adjustable guide vanes or blades 




Absolute possible deviation of x 




same as for x 


X 


Relative deviation 




dimensionless 


h 


Coefficient 


/ = 3, 4 or p (see clause 9) 


dimensionless 


fl 


Efficiency 




dimensionless 


K 


isentropic exponent 


p \dvjs 


dimensionless 


A-ik 


Coefficient 


i = 1, 2, 3 . . . (see annex B) 
k = 1,2,3... 


dimensionless 


n 


Dynamic viscosity 




ML- 1 T- 1 


V 


Kinematic viscosity 


Q 


L 2 T -1 


Z 


Correction factor 


See 3.5.3.4, 3.5.3.5 and 3.5.3.6 


dimensionless 


Q 


Density 


Mass per unit volume 


ML" 3 


c 


Standard deviation 


See 5.9.4 


same as for x 


.V 


Relative measuring uncertainty or 
tolerance on x 


See 3.7 


dimensionless 





Flow coefficient 


<t> = 

D2u 


dimensionless 


<P 


Relative humidity 


See A.4.2.1 


dimensionless 


X 


Humidity content 


See A.4.2.1 


dimensionless 


¥ 


Reference process work coefficient 


Yj = — =i where i = pol, s or T 

«2 


dimensionless 


CO 


Acentric factor 


SeeA.3.1 


dimensionless 


1> L = length; M = mass; T = time; = temperature; mol = amount of substance. 
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Table 4 — Subscripts 



Subscripts 


Meaning 


Observations 


Ml J 


Section 1, Section II, .... Section j 


The Roman type figures relate to numbers of order of the compressor 
sections 


»c 


Cooled section 


Cooled section when compressor is divided into uncooled section 1 and 
cooled section ll c 


1 


Inlet 


Relates to quantities measured at the standard inlet point. In combination 
with other subscripts denotes "inlet" 


2 


Discharge 


Relates to quantities measured at the standard discharge point. In combi- 
nation with other subscripts denotes "outlet" 


a 


Atmospheric 


Characterizes atmospheric pressures and temperatures 


adj 


Additional 


Additional uncertainty when inner tolerance limit is exceeded (see 
clause D.2) 


Cd 


Condensate 




Co 


Converted 


Relates to the quantities converted to specified conditions by similarity 
computation 


Cr 


Critical 


Characterizes critical pressures and temperatures 


Cs 


Casing 


Characterizes the quantities measured on the compressor casing 


comb 


Combined 


When * comb is combined by superposition of results of several stages 


D 


Rotor 




d 


Dynamic 


Characterizes dynamic pressures and temperatures 


En 


End 




Ex 


Extreme 




e 


Effective 


Characterizes the power input at the coupling of the compressor 


el 


Electrical 




f 


Friction 


Characterizes the friction losses {mechanical losses) 


flue 


Fluctuation 


Additional uncertainty due to fluctuations of power input 


G 


Dry gas 


Characterizes the quantities of dry gas 


Gu 


Guaranteed 


Relates to the quantities specified in the contract 


ic„ IC„, 
..., IC, 


Intercooler 1, II, ...,j 


Relates to first, second, ..., y'th intercooler 


/' 


Component 


Relates to component / of a gas mixture 


in 


Internal 


1 


L 


Leakage 




M 


Arithmetic mean 


Characterizes the arithmetical means of inlet and outlet quantities 


m 


Mixture 




max 


Maximum 




miff 


Minimum 




mol 


Molar 




oil 


Oil 


Characterizes lubricating (and sealing) oil (mechanical losses) 


Pr 


Primary 


Characterizes the driver of the compressor 


P 


Isobaric 


Characterizes an isobaric (constant pressure) process 


pol 


Polytropic 


Characterizes a polytropic process 


r 


Reduced 


Characterizes reduced pressures and temperatures 


res 


Resulting 


When x results from combination of several variables with individual errors 


s 


Isentropic 


Characterizes an isentropic process 
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Table 4 — Subscripts (concluded) 



Subscripts 


Meaning 


Observations 


sat 


Saturation 




T 


Isothermal 


Characterizes an isothermal process 


Te 


Tested 


Relates to the quantities measured during the test or fixed as test conditions 


t 


Stagnation (total) 




tol 


Tolerated 




tot 


Relative 


When T Xcomb included additional uncertainty T ad j and/or T f!uc 


u 


Peripheral 


Relates to the reference rotor diameter 


un 


Unit 


Characterizes the unit comprising the compressor, the intermediate driving 
system and the prime mover 


ut 


Usable 




V 


Vapour 




V 


Isochoric 


Characterizes a constant volume process 


W 


Water 


Characterizes cooling water 


X 


Variable 





5 Equipment, methods and accuracy of 
measurements 

5.1 General 

5.1.1 This clause describes the instruments, equipment and 
methods of measurement to be used in testing compressors in 
accordance with this International Standard and describes the 
measurement accuracy. 

Where no specific requirements for a particular measurement 
are included, the instruments and methods of measurement to 
be used are subject to agreement. 

5.1.2 Where an International Standard is available relating to 
a particular measurement or type of instrument, any measure- 
ments used should be in accordance with such a standard. 



5.1.3 Wherever possible, instruments with a defined and 
guaranteed "quality grade" (accuracy class) should be used. 
In this context an instrument can be said to be of quality 
grade "G" when the maximum error at any level in the rec- 
ommended range does not exceed ± G % of the full-scale 
reading. 



5.1.4 Instruments shall only be used in that part of their range 
recommended by the manufacturer or so defined in this Inter- 
national Standard. 



5.1.5 While the instruments and measurement methods are 
generally to be recommended for the purpose, it is not intended 
to restrict the use of other equipment with the same or better 
accuracy. 



5.1,6 Measurement stations for the determination of the con- 
dition of flowing fluids shall wherever possible be located in 
straight lengths of pipe where the flow is substantially uniform 
and steady. For the main measuring stations at the inlets to and 
discharges from the compressor, the arrangement shown in 
figure 1 is recommended. 

5.2 Apparatus 

5.2.1 Instruments for determining the temperature of the 
compressed fluid at the compressor inlets and discharges. 

5.2.2 Manometers or pressure gauges for determining the 
pressure of the compressed fluid at appropriate points on the 
test stand. 

5.2.3 Barometer to measure the atmospheric pressure. 

5.2.4 Flow measuring device to determine the flow through 
the compressor. 

5.2.5 Instruments to measure the power consumption of the 
compressor. 

5.2.6 Equipment for sampling the working gas and to de- 
termine its composition. 

5.2.7 A device to measure the speed of rotation. 

5.2.8 Arrangements to detect the occurrence of surge (when 
applicable). 

5.2.9 Devices for determining flow-rates and temperatures of 
secondary flows to enable energy balances to be established. 
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5.3 Measurement of temperature 

5.3.1 Each temperature measuring device shall be in ac- 
cordance with the appropriate national standards and shall be 
calibrated against an instrument certified by a recognized 
authority. Recommended instruments for measuring tempera- 
ture are 

a) liquid-in-glass thermometers; 

b) thermocouples used with potentiometric-type instru- 
ments; 

c) resistance thermometers. 

5.3.2 The detecting element should be inserted directly into 
the gas stream or, where this is not feasible, thermo-wells of 
minimum thickness shall be used. Precautions shall be taken to 
minimize measurement errors due to heat conduction in stems 
or wells and radiation from or to parts at a temperature different 
from that of the gas stream. 



5.3.7 With liquid-in-glass thermometers, when the measured 
temperature differs from the ambient by more than 5 °C, an 
emergent stem correction shall be made according to the for- 
mula 

*r. = ' + W <' " 'm> 
where 

is the true temperature of the gas stream; 
is the actual thermometer reading; 



'Te 
t 



is the average temperature of the emergent fluid 
column; 



/ is the length of the emergent column expressed in 
degrees on the thermometer scale; 

P is the apparent expansion coefficient of the ther- 
mometer fluid (for mercury-in-glass thermometers 
= 1/6 300). 



5.3.3 For machines assembled for test with an open inlet, the 
inlet temperature shall be taken as the atmospheric temperature 
measured in a region of substantially zero velocity in the vicinity 
of the inlet flange. 

5.3.4 The delivery temperature {or temperatures) and inlet 
temperature (or temperatures), when a piped inlet is used on 
test, shall be measured by several instruments inserted into the 
pipe or duct symmetrically set in one plane. The number of 
instruments and their precise location depends on the layout of 
the piping and the precision required with due regard to heat 
flow and radiation from the pipe surface. The fluid temperature 
shall be the average of the single measured values corrected to 
allow for the Velocity recovery effect. 

Except in the case of gases with a significant condensible phase 
the use of shielded stagnation-type probes with a very high 
recovery factor is recommended. 

Where it can be shown that the velocity recovery effect is 
insignificant, it may be neglected. In no case should it be 
neglected if the dynamic head exceeds 0,5 % of the specific 
compression work. The velocity recovery factor to be used 
should be agreed on. In the absence of any more specific values 
the following may be used : 

a) thermometers and thermocouples in wells : 0,65 

b) bare thermocouples : 0,80 

c) bare thermocouples with insulation shields : 0,97 
NOTE — For more precise information see [3] and [4J. 

5.3.5 Each instrument should penetrate into the pipe or duct 
for approximately one-third of the pipe diameter. 

5.3.6 Thermocouples shall have a welded hot junction and 
shall be calibrated together with their compensating leads over 
the anticipated range. 



5.3.8 When it is necessary to determine the heat extracted by 
intercoolers, lubricant or sealant flows or leakage flows, the 
accuracy of temperature and flow measurements shall permit 
determination of the heat extraction with due regard to the ef- 
fect of such heat flows on the overall accuracy of the test. 



5.4 Measurement of pressure 

5.4.1 General 

Each pressure measuring device shall comply with the 
appropriate national standards. 

Each instrument shall be calibrated with the exception of ver- 
tical "U" tube manometers using a liquid of known density and 
dead-weight gauges. 

Connecting pipes shall be leak-free, as short as possible, and of 
a sufficient diameter and so arranged as to avoid blockage by 
dirt or condensed liquid. 

If the saturation temperature of the fluid is higher than ambient 
temperature, pressure instruments shall be situated below the 
tapping points and connecting pipes shall be kept full of con- 
densate. Condensing vessels shall be installed near the tapping 
points to ensure constant level height. 

Stations for the measurement of the pressure of flowing fluid 
streams shall be located in a length of straight pipe or duct of 
uniform cross-section in which the flow is essentially parallel to 
the pipe wall. 

Pressure instruments shall be mounted in a position sub- 
stantially free from vibration. 

The effective length of the scale of pressure measuring 
instruments and the arrangement of the graduations shall 
facilitate accurate readings within ± 0,5 % of the pressure 
measurement. 
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5.4.2 Barometric pressure 

Barometric pressure shall be determined by any means with a 
maximum error not exceeding 0,333 mbarU, A barometer shall 
be located in a stable place at the test site. Alternatively, the 
barometric pressure may be obtained from a local meteoro- 
logical station, with a correction for any difference in altitude, 

5.4.3 Static pressure 

Static pressure shall be measured by a number of tappings 
(normally four) spaced around the pipe at the measurement 
station in one plane normal to the direction of flow. 

The tap-holes shall be normal to and flush with the pipe wall 
and shall be free from burrs, countersinks or other irregularity 
which could disturb the flow. 

The diameter of the tap holes shall be as small as possible con- 
sistent with minimizing the risk of blockage. 

It shall be established that the pressure measured at any one 
tapping at the measurement station does not differ from the 
mean of all pressure measurements by more than 1 % of the 
absolute pressure. 

Having established that this requirement is satisfied, all the 
tappings at one station may be connected into a common col- 
lecting ring, provided that the effective cross-sectional area of 
this collecting ring is not less than four times the cross- 
sectional area of any one tap-hole. 

5.4.4 Total pressure 

Total pressure shall normally be calculated from the static 
pressure and the calculated mean flow velocity head (see 
8.1.3). Where the degree of non-uniformity of flow is signifi- 
cant, the characteristic parameters (e.g. total enthalpy) should 
be obtained from a mass-flow-weighted integration of the 
results of probe traverses across the measuring plane. 

5.5 Measurement of flow 

Fluid flow-rates shall be measured in accordance with 
ISO 5167-1. 

When other methods of flow measurement are proposed it 
shall be demonstrated that they are of equal or better accuracy. 

Particular care is necessary when the compressed fluid contains 
a condensible fraction. With most types of flow-meter it is 
essential that the fluid is homogeneous. In extreme cases it may 
be necessary to install a suitable separating device, and to 
measure separately the gaseous and liquid streams leaving it. 

5.6 Measurement of rotational speed 

When the test driver is a synchronous electric motor the ro- 
tational speed may be obtained from an accurate measurement 
of the supply frequency. 



When the test driver is a slip-ring type of induction motor, the 
rotational speed may be obtained from accurate measurements 
of both the supply frequency and the slip frequency. 

In all other cases the rotational speed shall be measured with a 
mechanical or electrical tachometer permanently driven from 
the shaft. 

The preferred type is a digital pulse counter based on a crystal 
oscillator used in conjunction with a toothed wheel mounted on 
the compressor shaft. 

5.7 Measurement of power 

Where the performance is guaranteed in terms of the energy 
input to the driver, this shall be measured in accordance with 
the appropriate International Standards or national standards. 

Where it is the power input to the compressor which is 
guaranteed, this shaii be measured 

— by performing an energy balance on the driver in ac- 
cordance with the appropriate test codes for the particular 
type of machine, 

— by measuring the torque using a cradled (swinging 
field) type of motor or a precision torque-meter, 

or, when these methods are not possible, 

— by establishing a total energy balance for the com- 
pressor, by measuring all the losses and adding them to the' 
energy input to the compressed gas. 

Torque-meters shall not be used for measurement below one- 
third of their rated torque. They shall be calibrated with the 
measuring element at the same temperature as used during the 
test. The calibration shall be carried out twice, once with 
continuously increasing load and once with continuously 
decreasing load, and the mean of the two sets of readings shall 
be used. 

With both torque-meters and cradled electric motors it shall be 
shown that the hysteresis effect, i.e. the difference between 
the readings with increasing and decreasing load due to 
mechanical friction etc., does not exceed 0,5 % of the 
measured torque. 

5.8. Determination of gas composition 

The chemical composition of gas or gas-vapour mixtures shall 
be determined at regular intervals by recognized methods of 
analysis. 

Particularly when the gas contains condensible fractions, care 
shall be taken to ensure that the sample analysed is truly 
representative of the gas being compressed. In some cases this 
may require that the condensible and non-condensible frac- 
tions are sampled separately as they leave a suitable separating 
device and that the rates of flow of the two fractions are also 
established separately. 



1) 1 bar = TO 6 Pa 
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If the working fluid on test is air, its humidity shall be de- 
termined from wet- and dry-bulb temperatures or by other 
recognized methods such as dew-point, freezing or chemical 
absorption techniques. 



5.9 Accuracy of measurement 

5.9. 1 Owing to the very nature of physical measurements, it is 
impossible to measure a physical quantity without error or, in 
fact, to determine the true error of any one particular measure- 
ment. 

However, if the conditions of the measurement are sufficiently 
well known, it is possible to estimate or calculate a charac- 
teristic deviation of the measured value from the true value, 
such that it can be asserted with a certain degree of confidence 
that the true error is less than the said deviation. 

The value of such a deviation (normally the 95 % confidence 
limits) constitutes a criterion of the accuracy of the particular 
measurement, and in this International Standard is called the 
uncertainty. 

For a particular measurement the value of the uncertainty 
(95 % confidence limits) can be determined in one of the 
following ways. 

5.9.2 Where the measurement has been made in accordance 
with an established Internationa! Standard or national standard 
which defines the accuracy of such a measurement, then the 
uncertainty confidence limits should be determined by 
reference to that standard (e.g. for flow measurement refer to 
ISO 5167-1). 

5.9.3 Where the quality grade of the instrument has been 
defined and guaranteed by the manufacturer (see 5.1.3) the 
uncertainty for a particular measurement can be determined by 
reference to the quality grade. For example in the case of a 
pressure gauge, the uncertainty, z p/ is given by 



t p = ± G 



Pie 



where 



G is the quality grade; 

/>E n is the full-scale reading of the gauge; 

Pj e is the actual test reading. 

NOTE — Where a pressure gauge has a quality grade less than 0,2 %, 
use a value of 0,2 to allow for location errors. 

5.9.4 If a sufficiently large number of readings of a particular 
variable are available, then the standard deviation of these 
readings can be calculated; it is accepted to assume that the 
uncertainty is equal to twice the standard deviation. 

For example, if the values of a set of readings of one variable 
are 

x \. x 2, x 3' ■■■• x i> ■••• x n 



then the mean value x M is given by 

n 



X M 



i = 1 



and the standard deviation is given by 



a= itrl *-*"* 



i = 1 



Hence the uncertainty can be taken as ± 2 a. 



5.9.5 In some cases the uncertainty (95 % confidence limits) 
can be estimated by considering the fundamental principles of 
the method of measurement. 

For example, in the case of a simple liquid-column manometer, 
provided that the density of the liquid is known precisely, the 
accuracy depends on how precisely the levels can be de- 
termined. Without special equipment an accuracy of ± 1 mm 
should be easily achievable with the necessary confidence. 

Hence the uncertainty, t H , is given by 



*H~±jj 



where H is the reading in millimetres. 

NOTE — For differential heads in excess of 1 m assume x H = ± 0,1 %. 

A further example is an electronic digital tachometer in which a 
precise crystal oscillator is used as the time base. In this case 
the uncertainty, x N , can be taken as 



r » =± i 



where 

S is the digital measuring step; 

N is the speed of rotation displayed. 
S and N shall be expressed in the same units. 



5.9.6 Where the value of a particular quantity is derived from 
the measurement of two or more separate quantities, the ac- 
curacy of the result is dependent on the accuracy of the 
separate measurements. For example, when the shaft input 
power to the compressor is determined by measuring the 
electrical power input to the electric motor, having separately 
determined the motor efficiency, the uncertainty confidence 
limits of the shaft input power are given by 



T> e = ± VW 



+ T, 



rrel 
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where 

Tpgj is the uncertainty of the electrical power input; 

r^ e | is the uncertainty of the motor efficiency. 

Tpei and r ve | shall both be expressed as a fraction of the 
measured value. 



5.9.7 In the absence of sufficient information to use any of 
the above methods, table 5 provides a guide to the accuracy 
that can be expected from good quality commercially available 
instruments. 



able it shall be agreed which data shall be used and the 
uncertainties which apply to such data. 

In annexes A and B methods of calculating the physical proper- 
ties of gas and gas-vapour mixtures are provided. 



6 Preparation for the test 



6.1 Items on which agreement shall be reached 



6.1.1 Agreements required at the time of order 



Table 5 — Guiding values for uncertainty of test 
measurements 



Measurement 


Uncertainty 


Pressure measured with 




— liquid column 


±0,5% 


— dead -weight gauge 


±0,3% 


— Bourdon tube gauge 


±1,0% 


Temperature ** 




— suction temperature 


± 0,5 °C 


— discharge temperature 


±1,0°C 


— cooling water, oil, etc. 


± 0,5 °C 


Flow measured with standard pressure 




difference device (see ISO 5167-1) 


±1,5% 


Speed measured with mechanical tachometer 


± 1,5% 


Power measured with 




— mechanical torque-meter 


±2 % 


— cradled motor 


± 1,5% 


— a.c. motor of known efficiency 


± 1,5% 


— d.c. motor of known efficiency 


±1,5% 


Power determined from an energy balance for 




the compressor 


±1,5%to±4% 


*) A guide to the accuracy achievable with a < 


jood quality liquid- 


in-glass thermometer is given in table 6. 





Table 6 — Measuring uncertainty for calibrated 
liquid-in-glass thermometers 

Values in degrees Celsius 





Measurement uncertainty for the 


Temperature 


following graduation intervals 


range, 






0,1 


0,2 


0,5 


1 


2 


-5O<0<-5 


0,6 


0,8 


1,7 


2 


4 


- 5<0< 60 


0,3 


0,4 


1 


1,4 


2 


6O<0<11O 


0,5 


0,6 


1 


2 


3 


110 < d<210 


— 


1 


2 


3 


4 


210<£<310 


— 


— 


3 


4 


6 


31O<0<41O 


_ 


— 


— 


5 


8 


410 < B < 625 


- 


- 


— 


6 


12 



5.10 Thermodynamic properties of fluids 

Physical properties and thermodynamic data and the ap- 
propriate confidence limits shall be obtained from established 
International Standards. When such standards are not avail- 



6.1.1.1 Agreement shall be reached as to the location of the 
test, i.e. at the manufacturer's works, on site, or elsewhere. 

Particularly in the case of a site test, agreement shall be 
reached on the necessary safety requirements relating to the 
test and it shall be agreed who shall have the responsibility of 
ensuring compliance with these requirements. 

6.1.1.2 It shall be agreed which type of test is to be performed 
in accordance with the following categories. 

Category 1 

The compressor may be tested under the conditions of the 
guarantee, i.e. with the specified gas under the specified intake 
conditions, with the guaranteed power input. 

In this case, the test speed shall be as close as possible to the 
specified speed of the compressor. 

Category 2 

If the specified conditions cannot be reproduced, either 
because of the gas composition, or because the power 
available is insufficient, the compressor should be run at such a 
combination of speed and inlet conditions as to establish the 
similarity conditions specified in 7.3. 

In this case, the driving unit and the lubricating and sealing 
devices may also be different from those on the site. 

Category 2 tests can themselves be subdivided into two types : 
Category 2a): Open-loop air tests 

In this case, the manufacturer shall state whether or not the 
similarity conditions specified in 7.3 can be fulfilled. 

In a case where the similarity conditions cannot be fulfilled, 
the customer and the manufacturer should agree on the 
tolerances to be applied to the test result. 

Category 2b): Closed-loop tests with air or another gas 

If the performance testing is carried out using a closed loop, 
the manufacturer is free to choose any suitable test gas and 
conditions, provided that the similarity requirements of this 
International Standard are satisfied. 
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6.1.1.3 Whether or not the pressure ratio or pressure rise is 
based on static or total conditions, the precise location at 
which the guaranteed inlet and discharge pressures apply shall 
be agreed. Unless there are good reasons otherwise, total con- 
ditions shall be assumed. 



6.1.1.4 The basis for calculating the actual inlet volume flow 
shall be agreed. Unless otherwise agreed, the inlet volume flow 
shall be calculated from the measured usable mass flow and the 
inlet density determined from the total temperature and total 
pressure at the standard inlet point. 



6.1.1.5 The gas composition, charts, reference tables or other 
data relating to the guaranteee conditions shall be agreed. 



the way it has been specified in the guarantee. Where this is 
not possible, however, due corrections shall be applied to com- 
pensate for gland leakage either into or out of the compressor, 
condensate drained from intercoolers, bleed flows, etc. It is 
often impossible to measure such quantities directly and in 
these circumstances appropriate corrections shall be agreed 
between the manufacturer and the purchaser. Particular care in 
this matter is required when a compressor is being tested under 
conditions far removed from those of the guarantee. 



6.1.2.4 When a machine is to be tested under conditions 
significantly different from the guarantee conditions, the 
manufacturer shall propose for agreement how the mechanical 
losses shall be converted from test to guarantee conditions. 



6.1.1.6 The criterion of acceptance of the test result, ac- 
cording to 9.3.2, shall be agreed. 

6.1.1.7 In the case of a site test, a deadline for the test should 
be agreed upon. 

6.1 .1 .8 A schedule for agreements to be made on the matters 
given in 6.1.2 should be established. 

6.1.2 Agreements required before the test 

6.1.2.1 In the case of a factory test, the manufacturer should 
supply the customer with 

a) the indication of the gas if it is different from the gas 
handled according to the contract agreement; 

b) the calculations for the determination of the similarity 
conditions; 

c) a sketch of the installation and instrumentation. 

Before testing commences, the installation should be placed at 
the customer's disposal, in order that the customer may check 
that it is in conformity with the requirements of this Inter- 
national Standard. 

In the case of a site test, when the site layout plan is finished, 
this is submitted by the customer to the manufacturer in order 
that the latter may check that all provisions have been made to 
carry out testing in conformity with the requirements of this 
International Standard and may comment on these, if required. 

Before testing commences, the installation should be placed at 
the manufacturer's disposal for examination of the test equip- 
ment. The test programme should be agreed upon by the 
customer and the manufacturer. 



6.1.2.5 Where any intermediate form of power transmission, 
such as a gearbox, is interposed between the driving unit and 
the machine, the method by which its power consumption shall 
be taken into account shall be the subject of agreement. 

When the power consumption is guaranteed in terms of the 
power supply to the driving unit, any variations in its per- 
formance due to the difference between test and guarantee 
conditions shall be allowed for, subject to agreement. 

When the power consumption is guaranteed and the test has to 
be carried out at reduced power, errors will be introduced into 
the corrected power consumption because of those losses 
which are not strictly proportional to the total power. An 
agreed correction shall be made for these errors. 



6.1.2.6 Where it is not feasible to test a machine under the 
conditions laid down in 7.3, special conditions of test and 
special corrections shall be agreed between purchaser and 
manufacturer. 



6.2 Preparation of the machine 



6.2.1 



o.t. i The compressor and associated equipment shall be in a 
condition that is comparable to the condition when new with 
respect to those aspects which can affect the performar 



gnce. 



6.2.2 If pipes or ducts are fitted for the purpose of by-passing 
any component, or if bleed-off is used for any service, any 
valves in such pipes or ducts shall be set so as to produce con 
ditions specified in the guarantee. 



6.2.3 All unused connections shall be blanked off. 



6.1.2.2 It shall be agreed that the calibrations of each instru- 
ment used in the test shall be according to the appropriate 
national code. 



6.2.4 Where lubricating oil, cooling water and seal-fluid con- 
sumption is significant, provision shall be made for measuring 
these. 



6.1.2.3 Usually the flow will be measured on either the inlet to 
or the delivery pipe from the compressor in accordance with 



6.2.5 The recommended grade of oil shall be used; otherwise 
corrections to the power and oil consumption shall be made. 
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6.3 Preparation of test equipment 

6.3.1 Diagrammatic layout of test arrangement 

Prior to the test a diagrammatic layout of the test arrangement 
shall be established showing the agreed position of all measur- 
ing points and containing the reference numbers and letters 
used in the test report. 



6.3.2 Installation of test equipment 

See clause 5. 

Inlet and discharge pressures shall be measured at agreed 
points. A typical arrangement is shown in figure 1, taken 
from [1], 

Where necessary, provision shall be made for determining the 
humidity, chemical composition, density or viscosity of the gas 
at the appropriate and agreed times during the test. 



6.3.3 Calibration of instruments 

Initial calibration, where possible, of the instruments shall be 
available prior to the test. 

Recalibration, where possible, after the test shall be made for 
those instruments of primary importance which are liable to 
variation in their calibration as a result of use during the test. 
Any change in the instrument calibrations which will create a 
variation exceeding that of the class of the instrument may be a 
cause for rejecting the part of the test which it invalidates. 



7 Tests 

7.1 Preliminary tests 

Preliminary tests may be run for the purpose of 

a) determining whether the compressor and associated 
system is in a suitable condition to conduct an acceptance 
test; 



Inlet temperature 

— 4 measuring stations, 

spaced 90° 



Inlet velocity pressure 
- 2 taps, spaced 90° 
(used only when 
velocity pressure is 
greater than 5 % of 
total pressure) 



Inlet static pressure 
— 4 taps, spaced 90° 



Baffle (perforated plate 
flow equalizer) 




Discharge temperature 
— 4 measuring stations, 
spaced 90° 



Discharge static pressure 
— 4 taps, spaced 90° 



Discharge velocity pressure 
— 2 taps, spaced 90° 



Capacity by ISO 5167-1 
arrangement 



Throttle valve 



Figure 1 — Test arrangement 
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b) checking of instruments; 

c) training of staff. 

After a preliminary test has been made, this may, by agree- 
ment, be considered to be the acceptance test, provided that all 
requirements for acceptance have been met. 

7.2 General rules for setting up the compressor 
for the acceptance test 

7.2.1 During the test all measurements that have any bearing 
on the performance shall be made. In the following, the deter- 
mination of the capacity and the power consumption of the 
compressor will be treated in detail. 

7.2.2 The measurements shall be carried out by competent 
persons with measuring equipment according to clause 5. 

7.2.3 The test conditions shall be as close as is reasonably 
possible to the guaranteed conditions : deviations from these 
shall not exceed the limits specified in 7.3. 

7.2.4 During the test, the lubricant, and the adjustment of 
lubricating pumps, lubricators or other lubricating means shall 
comply with the operating instructions. 

7.2.5 During the test adjustments other than those required 
to maintain the test conditions, and those required for normal 
operation as given in the instruction manual, shall not be made. 

7.2.6 Before readings begin, the compressor shall be run long 
enough to ensure that steady state conditions are reached, so 
that no systematic changes occur in the instrument readings 
during the test. 



Should, however, the conditions be such that changes cannot 
be avoided, a distinction may be made between systematic 
changes (drift) and fluctuations of high frequency. 

In the case of a drift an adjustment to maintain the allowable 
deviations shall be made only if the operational conditions 
exceed the limits given in 7.3. 

During the fluctuations, the number of readings shall be 
increased, but the results may still be accepted provided that 
the fluctuations are within the limits given in table 7. 



7.2.7 For each guaranteed point a number of test points shall 
be obtained (not less than two) embracing the specified 
point. The range covered by these test points shall be not less 
than the range defined in figure 2, i.e. from the condition in 
which the reference process work coefficient on test is equal to 
that for the guaranteed point to the condition in which the 
flow coefficient on test is equal to that for the guaranteed 
point. 

The reference process selected for this purpose depends on the 
type of compressor. Generally, for uncooled machines an isen- 
tropic or polytropic process shoukTBe selected and for cooled 
machines an isothermal process. 



7.2.8 For each test point the compressor shall be run for a 
sufficient time and a sufficient number of sets of readings shall 
be taken to indicate that steady conditions have been reached, 
to enable meaningful averages to be taken and to ensure that 
the requirements of 7.4.1 have been met. Not less than three 
sets of readings shall be taken. If a computerized data acqui- 
sition system >is used then one representative printout of the 
test results should be taken. As far as possible all readings in 
one set shall be taken simultaneously at a given signal. 



o 
3 



Specified point O- 




Test curve 



Flow coefficient 



Figure 2 — Minimum range to be covered by the test 
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7.2.9 Where the usable stable range of the compressor is to 
be proved, the capacity at which surge occurs is determined by 
slowly raising the pressure ratio at constant speed until 
unstable or pulsating flow appears. A test point shall be set as 
close to the surge as possible. The precision of the determi- 
nation shall be demonstrated by repeating the setting. 

For variable speed and/or variable geometric compressors, 
surg» points may be determined at different speeds or settings 
to co 'er the anticipated range of operation. 

It shali be understood that the surge point determined in a shop 
test may not accurately represent the surge condition with 
other pipe configurations and other gas densities. 

7.2.10 After the test the compressor plant and the measuring 
equipment shall be inspected. Should any faults be found that 
may affect the test results then a further test shall be run after 
these faults have been corrected. 

7.3 Particular rules for setting up the compressor 
for the acceptance test 

7.3.1 Guiding principle 

Before the beginning of a test run, the settings of the com- 
pressor shall be fixed so as to achieve the best possible approxi- 
mation to similarity of flow for test and specified conditions. 

The conditions to be fulfilled in order to achieve similarity of 
flow are dealt with in clause D.I. 

In practice it is often impossible to fulfiH all the above con- 
ditions. Admissible limits for the deviation from similarity are 
considered in the following subclauses. 

7.3.2 Allowed deviation from specified rate of flow 

The magnitude of the permissible deviation of V, from 1 and the 
additional uncertainty depend upon the characteristic curve 
being flat or steep. 

A characteristic curve is steep if, at the point being considered, 



fe). 



d<7 



V,\A 



Qvx\ 



(f) 



> 1 



If a flat characteristic curve is assumed according to a 
calculated performance diagram supplied by the manufacturer, 
this assumption shall be confirmed by the test result. Other- 
wise, the settings shall be corrected to satisfy the requirements 
of this International Standard for a steep characteristic curve. 

The range of values of the reduced speeds corresponding to 
the permissible deviation of V t and any additional resulting 
uncertainty can be determined in accordance with annex D. 

7.3.3 Permissible variation from specified Reynolds 
number 

It is necessary to check the deviation of the test Reynolds 
number from the specified conditions. The influence of this 



deviation on the performance of turbocompressors is taken into 
account by appropriate correction methods which should be 
used only in a certain range of application. 

The range of application of the correction formula and the 
selection of a suitable test Reynolds number are influenced by 
two factors, i.e. 

— the accuracy of the correction formula at different 
Reynolds numbers, and 

— the reliability of tests carried out at reduced suction 
pressures or low driving power. 

For centrifugal compressors, the well-oroven method of the 
International Compressed Air and Allied Machinery Committee 
(ICAAMC) for correcting the performance for variations in 
Reynolds number shall be used (see annex E). 

The limit of application of the ICAAMC formula is given in 
annex D, figure D.5, and annex E. 

For axial compressors, the appropriate method of Reynolds 
number corrections depends on the blade characteristics used 
by the manufacturer. Therefore the method should be agreed 
by the manufacturer and the customer, as well as the range of 
its application. 



7.3.4 Determination of the settings 

The formulae required for the determination of the settings are 
evident from the flow charts given in clause D.5. 

These charts, one for perfect and near-perfect gases (see 
figure D.6), the other for real gases (see figure D.7), will be 
followed according to the conditions prevailing. Each of them 
includes the following cases : 

a) uncooled compressors; 

b) compressors with intercooling. 

Both have two possibilities for the isentropic exponent K Te for 
the test conditions, i.e. 

a) same as for specified conditions, or 

b) different. 

Furthermore, three alternatives are considered for the deter- 
mination of the isentropic exponent /c Te : 

a) constant (perfect and near-perfect gases only); 

b) known from characteristic equations as a function of 
pressure and temperature; 

c) calculated from conditions of state referred to the 
critical pressure and temperature of the test gas, following 
Schultz. 

The input values for the above flow charts are to be found 
in D.5.1. 
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The relationships shown in the flow charts for determining the 
limits of the permissible setting up conditions for the com- 
pressor on test are shown in figure D.3 for K Te = k Gu , and in 
figure D.4 for k Tb * kq u . 

These are referred to in clause 8. 

The charts giving the generalized compressibility factors 
necessary to calculate Z, X and Y as a function of reduced 
pressure and temperature are to be found in clause A.3. 



7.4 Evaluation of the readings 



7.4.1 Before final calculations are undertaken, the recorded 
data shall be scrutinized for consistency of the operating con- 
ditions. The fluctuation of readings during one test shall not 
exceed the limits given in table 7. 



Table 7 — Maximum allowable fluctuation of readings 
from average during one test run 



Variable 


Maximum allowable 

fluctuation of readings 

from average during 

one test run 


Absolute inlet pressure 

Absolute inlet temperature 
(of each section in the case of a 
cooled compressor) 

Speed 

Ratio 1 1 

Ratio*' — *- 
P 


± 1 % 

± 1 % 
+ 0,5 % 

±2,0% 
± 2,0 % 


*) Where Ap is the pressure drop across a flow measuring 
device, p is the absolute pressure at this instrument. 



NOTE — During the test the gas composition should not vary by an 
amount greater than that equivalent to a variation in either R or k of 
±1 %. 

If these limits are exceeded, the test is invalid except by special agree- 
ment, in which case such an agreement is to include consideration of 
the appropriate tolerance. 



8 Calculation and adjustment of test results 
8.1 Computation of results 

8.1.1 Purpose of evaluation 

For the acceptance test only those values which are essential 
for the verification of the specified data are calculated and 
compiled. 

From the average values of the readings, determined according 
to clauses 5 to 7, the results may be computed according to the 
following subclauses. 

8.1.2 Mass rate of flow and inlet volumetric flow 

The actual inlet capacity is obtained by converting the gas flow 
measured by the measuring device from the condition there to 
the total condition at the standard inlet point, due consider- 
ation being paid to any leakage flow and condensate flow, i.e. 



4V,t.i = 



9m, ut Qm,utZ^RT x ,1 



£t,1 



Pt.1 



where 

Qm.ut 

0t,1 
R 

r t,l 



is the measured usable mass rate of flow; 
is the density based on total conditions; 
is the gas constant (see annex A); 
is the total pressure; 
is the total temperature; 
is the compressibility factor. 



8.1.3 Dynamic pressure (velocity pressure) 

In most cases the static pressure p can be directly measured at 
the standard inlet and discharge points. 

If the velocity distribution across the area A is uniform, the 
dynamic pressure, p d , can be derived from the continuity 
equation and the measured mass rate of f iow : 

p p y (k-1) Ma\ L t 



7.4.2 All accepted sets of readings from any test run shall be 
consecutive. 



7.4.3 Sets of readings showing excessive fluctuation may be 
discarded but only at the beginning or the end of a test run. All 
readings in any set should be taken as nearly as possible 
simultaneously. 



7.4.4 Test results shall be calculated from the arithmetic 
average values of the accepted readings. 



- V1 +2vc-1)A&2 



where 



M} r 



Ma x = — = 



ZRT t 



a t Ap y k 
For low gas velocities an approximate simplified formula is 
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This approximation may be used provided that the value of 

Pt 

— so calculated does not exceed 1,05. 



If the velocity distribution across the area A is significantly non- 
uniform, the dynamic pressure shall be found from a mass- 
flow-weighted integration over the area (see 5.4.4). 

8.1.4 Total temperature 

Normally the pressure ratio and temperature ratio are based on 
total conditions (see 6.1.1.3). 

In most cases the total temperature may be measured at normal 
aspiration and exhalation points. 

If static conditions are specified in a particular case, the static 
temperature shall be obtained from the following relation : 



T 

where 
Ma 



1 



i-JS^-J*? 



1m ] /ZRT t 
* Ap V k 



8.1.5 Reference power for compression 

The reference power consumption shall be computed accord- 
ing to 3.6.2 after the appropriate choice of the reference pro- 
cess has been decided upon. 

8.1.6 Actual power consumption 

The actual power consumption can be computed in three 
ways: 

a) from direct measurement of the input torque using a 
torque-meter or a dynamometer; 

b) from an energy balance for the prime mover using the 
formula 

c) from an energy balance for the compressor itself using 
the formulae given in 3.6.5. 

Methods b) and c) should not be used unless the energy 
balance can be established with sufficient accuracy. 

8.2 Conversion of test results to specified 
conditions 

8.2.1 General 

8.2.1.1 Purpose of conversion 

The test results can only be compared directly with the 
guaranteed values when, during the acceptance tests, the 



measurements of the performance of the compressor are taken 
under precisely the specified conditions. If the operating con- 
ditions prevailing during the tests differ from those on which 
the guarantee is based, the test results shall be converted to the 
conditions specified for the guarantee. These converted results 
may then be compared with the specified figures. 



8.2.1.2 Individual results to be converted 

The particular results with which the conversion is concerned 

., are 

a) the actual inlet volume flow q Vx ,, 

b) the pressure ratio (p^P^x- aid 

c) the power consumption at the coupling P e . 

The power consumption at the coupling is made up of the in- 
ternal compression power P in and the mechanical power loss Pf 
which will be converted separately. 

8.2.1.3 Theoretical basis of conversion 

The principle of the theory of similarity of flow upon which the 
following conversion rules are based, together with the per- 
missible approximations to this theory are covered in annex D. 

8.2.2 Conversion of mechanical losses 

The sum of all mechanical losses may vary considerably with 
the particular test and specified conditions especially with 
regard to speed, power input, thrust and viscosity of the lubri- 
cant. 

Mechanical losses occur mainly in the bearings, lubricant 
pumps, gearing belonging to the compressor, liquid seals, 
sliding-ring seals, and so on. 

These losses are normally determined by measuring the rise in 
temperature of the oil, etc., or from the physical dimensions 
and test results, using recognized formulae. The various 
individual losses have to be converted separately, their sum 
giving the desired figure of mechanical losses P f with the aid of 
which P e can be calculated, as follows : 

P e - P in + P f 

The formula for the conversion of the mechanical losses shall 
be agreed upon before the test (see 6.1 .2.4). 

8.2.3 Conversion of test results for uncooled 
compressors 

8.2.3.1 In the case of all uncooled compressors, whether the 
isentropic exponents are equal or not and whether the speed or 
inlet temperature is adjustable or not, the test results can be 
converted to the specified conditions using the formulae given 
in figure D.8. 
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8.2.3.2 Where /c Te = x: Gu , the conversion is as follows. 

If the speed or intake temperature is adjustable, the requireme nt 
of equal peripheral Mach number s or that (N/^J ZiRT t i) Je 
should be equal to [N/yfz^RT\^) Gu can easily be complied 
with within the inner tolerance limit [see figure D.3a)] and con- 
version may be carried out in accordance with the formulae 
given in figure D.8. 

In this case no additional uncertainty is introduced. 

If the speed or intake temperature cannot be adjusted with suf- 
ficient accuracy, or not at all, deviation of the ratio 

WyfZrff^) T J (N/ VzT^TiJgu 
up to the outer tolerance limit is permissible. 

In this case an additional uncertainty is introduced (according 
to instructions given in clause D.2). 

Outside the outer tolerance limit there is no point in converting, 
unless special agreements have been reached. 



The same can be applied for K le * k Gu provided that the ratio 

(/WVZl*7Vl>Te /<A7VZl^t.1>Gu 

for any stage between two intercoolers does not exceed the 
limits (see figure D.4). If these ratios are within the outer but 
outside the inner tolerance limit, an additional uncertainty as 
given in clause D.2 is introduced. Outside the outer tolerance 
limit, the test is invalid except by special agreement. 

If the speed is not adjustable, but the temperature at the inlet to 
individual stages can be varied by regulating the flow of cooling 
water to the intercoolers, such that the ratio of these absolute 
inlet temperatures to one another and to the temperature at the 
compressor inlet on test are the same as laid down in the 
specified conditions, the formulae in figure D.10 may also be 
used for conversion, provided that the ratio 

UV/V Z t /?r t1 ) Te / (N/y/ Z,RT a ) Gli 

is within the outer tolerances [see figures D.3a) and D.3b)]. In 
this case an additional uncertainty as given by clause 0.2 is 
introduced. Outside the outer tolerance limit, there is no poim 
in converting. 



8.2.3.3 Where *c Te * k Gw the conversion is as follows. 

Regardless of whether the speed or intake temperature is 
adjustable or not, check with the aid of graphs (see figure D.4), 
whether the ratio 

Wy/ZiRT ti ,) Te /(N/y/z,RT tf] ) Gu 

is within the inner or outer tolerance limit. In the latter case an 
additional uncertainty will be introduced according to in- 
structions given in clause D.2. 

If this ratio falls outside the outer tolerance limit, the test shall 
be invalid except by special agreement. The conversion 
formulae are given in figure D.8. 



8.2.3.4 If the test results are to be computed according to 
Schultz's method of polytropic analysis, the conversion 
formulae given in figure D.9 shall be used, after checking 
whether the test is valid (as outlined in 8.2.3.3). 



8.2.4 Conversion of test results for cooled compressors. 

8.2.4.1 In the case of cooled compressors in which the ratios 
of the absolute temperatures after the intercoolers to the com- 
pressor inlet temperature are the same under test and specified 
conditions, K Te = k Gu , the conversion may be as follows. 

If the speed and the temperature at the inlet to individual stages 
are adjustable by varying the ratio of flow of cooling water 
through the intercoolers, the conditio n of eq ual Mach 
numbers, or {N/yJ Z^RT x/> ) 7e = {N/\J ZiRT t/l ) Gu should 
easily be met at each stage, to within the inner tolerance limit 
[see figure D.3a)J, so that the conversion to specified con- 
ditions can be carried out using the formulae in figure D.10. No 
additional uncertainty is incurred. 



8.2.4.2 In the case of cooled compressors in which the ratios 
of the absolute temperature after the intercoolers to one 
another are the same under test and specified conditions but 
the ratios of these temperatures to the compressor inlet 
temperature are not the same, and when *r Te = k Gu , the con- 
version may be carried out as follows. 

Whether the speed is adjustable or not, and if the ratio of the 
absolute temperatures after intercoolers during the test is the 
same as in the guarantee, but the ratio of these temperatures to 
the temperature at the compressor inlet is not, the results 
obtained for the uncooled part I and the cooled part II of the 
compressor may be converted separately to specified con- 
ditions according to the formulae given in figure D.3 provided 
that the ratios 

IWVZ,/Jr ti1 ) Te / {N/ y/~ZJRT\i) Gu 

are within the outer tolerance limit given in figure 0.8 for part I 
and for any stage of part II between intercoolers. 

If /c Te * k Gu the above ratios shall lie within the respective 
tolerance limits given in figure D.4. 

When the compressor is considered in two separate parts in 
this way, the discharge conditions for the uncooled part (part I) 
should be taken as the temperature and pressure before the 
first intercooler. The inlet conditions for the cooled part (part II) 
should be taken as the pressure before the first intercooler (i.e. 
the discharge pressure of part I) together with the temperature 
after the first intercooler. 

Where it is not possible to obtain a representative measurement 
of the temperature after the first intercooler, this temperature 
may be estimated from the cooling water temperature and the 
design terminal temperature difference in the intercooler 
making due allowance for any difference in heat transfer in the 
intercooler between test and specified conditions. 
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The absolute temperatures after the intercoolers may be 
assumed to be in the same ratio to one another under test and 
specified conditions if the cooling water temperatures are in the 
same ratio and provided that the mass flow of gas through the 
intercoolers under test and specified conditions is the same 
within 5 %. 

The measured power consumption of the compressor shall be 
separated into part I for the uncooled section and part II for the 
cooled section. In general, this separation will be possible by 
providing the proper measuring devices. If this is impossible, 
the division may be in relation to the stage heads according to 
the design data. 

8.2.4.3 In the case of cooled compressors in which neither 
the ratios of the absolute temperatures after the intercoolers to 
one another nor the ratios of these temperatures to the com- 
pressor inlet temperature are the same under test and specified 
conditions, the conversion may be made as follows. 

If the conditions of constant relationship between the gas 
temperatures after the intercoolers are not fulfilled, the values 
shall be converted separately for all cooled stages and the 
results combined. 

7 

If the test results are computed according to Schultz's method 
of polytropic analysis, the conversion formulae for a stage 
between intercoolers are given in figure D.9. 

Where, in accordance with the above rules the compressor is 
considered in two or more parts, the converted results shall 
then be put together in order to compare them with the 
specified values. An additional uncertainty as described in 9.2.9 
may be introduced. 

8.2.5 Special note 

If in the intercoolers of the compressor, some of the working 
fluid is lost due to condensation, either on test or under 
specified conditions, this loss shall be taken into account in 
working out the power consumption and the discharge flow. It 
must be borne in mind that the quantity actually lost in such an 
intercooler is generally smaller than the figure calculated 
thermodynamically (efficiency of separation less than 1 ). See 
A.4.2.8. 

Moreover, during the process of compression it is possible for 
chemical combination to take place, which will change the gas 
parameters, especially density and temperature. 

If a compressor has intermediate inputs and/or extractions, the 
corresponding incoming or outgoing volume flow and the 
temperatures of any incoming streams shall have the same re- 
lationships to the main flow and temperatures under test as 
under specified conditions. Otherwise each section of the com- 
pressor between intermediate inputs or extractions shall be 
considered separately. 

If the compressor is run at different pressures on test and under 
specified conditions, the change in external leakage, if any, 
shall be allowed for in the effective volume flow and power 
consumption. 

In the case of multiple or series-connected compressors it may 
be advantageous to consider each casing separately. 



9 Comparison with guaranteed values and 
tolerances 

9.1 General 

9.1.1 The test results, converted to the specified operating 
conditions in accordance with clause 8, shall be compared with 
the guaranteed or specified performance. 



9.1.2 The comparison shall include 

a) comparison of the converted power consumption 
{specific power consumption, fuel consumption or ef- 
ficiency depending on the terms of the guarantee) with the 
guaranteed power consumption (specific power consump- 
tion, fuel consumption or efficiency); 

b) comparison of the converted capacity with the 
guaranteed capacity. This may be defined as either the 
pressure rise (or pressure ratio, or specific compression 
work) at the specified flow-rate or the flow-rate at the 
specified pressure rise (or pressure ratio, or specific com- 
pression work); 

c) comparison of the acceptable operating range with the 
guaranteed range where this has been stated. 



9.1.3 It is recommended that in most cases the comparison 
should be presented graphically (see 9.3). 



9.1.4 Unless otherwise agreed, the comparison of the 
measured and corrected performance with the guaranteed per- 
formance shall be made 

a) in the case of a compressor with a steep characteristic, 
by comparison at the guaranteed pressure rise (or pressure 
ratio or specifkTcompression work); 

b) in the case of a compressor with a flat characteristic, by 
comparison at the guaranteed actual inlet volume flow-rate. 

NOTE — For the definition of the flat or steep characteristic see 7.3.2. 



9.1.5 In making the comparison the following shall be taken 
into account: 

a) measuring uncertainties (see clause 5); 

b) errors due to the inaccuracy or uncertainty in the 
thermodynamic properties of the gases used; 

c) errors due to the' inaccuracy of the methods used to 
convert the test results to the guaranteed operating con- 
ditions; 

d) errors due to non-steady conditions during the test; 

e) any tolerance in the performance of the compressor 
permitted by the terms of the guarantee. (See 5.9.) 
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The errors listed above [9.1.5a) to d)] should be combined 
together to determine the tc^tal test uncertainty (limits of confi- 
dence). This and the manufacturing tolerance [9.1. 5e)] should 
be clearly and separately stated or illustrated in the presentation 
of the comparison. 



9.1.6 In the presentation of the comparison, a conclusion 
should be included stating whether the results of the test 
indicate that the compressor does or does not meet the terms 
of the guarantee. 

9.2 Total test uncertainty (95 % confidence limit) 

9.2.1 Measuring uncertainties 

The confidence limits associated with the various measure- 
ments are determined using one of the methods described 
in 5.9. 



9.2.2 Thermodynamic data uncertainties 

The confidence limits associated with the thermodynamic 
properties of the gases used should be obtained from the same 
source as the values used, or otherwise agreed separately. 



9.2.3 Conversion uncertainties 

Where the pattern of flow on test cannot be made the same as 
the pattern of flow under the guaranteed conditions at all 
points throughout the compressor, then the methods of con- 
verting the test results defined in clause 8 are only approxi- 
mate. If the deviations from true similarity of flow are signifi- 
cant, then additional errors are introduced by the conversion. 
The magnitude of any such additional errors can be determined 
from the charts given in annex D. 



These additional uncertainties should be added in accordance 
with 9.2.9 to the value obtained from combining the measuring 
error, thermodynamic data error and conversion errors. 



9.2.5 Total uncertainty in flow-rate 

The total uncertainty in the volumetric flow-rate is obtained 
from 



'res,*^ 



= ± Vri, Te +4 



Te + T p,,Te 



+ r 7„Te + *£.!. 



where t qm Te is the uncertainty in the mass flow-rate according 
to ISO 5167-1. 



9.2.6 Total uncertainty in pressure ratio 

The total uncertainty in the pressure ratio is 



N, 



2 _ 11/? 



+ 4Te + T Z„Te) + ^.Te + T £,Te } 



where 



MM 

kr , \ RZ -\ T t,1 he 

Nf = 



9.2.4 Errors due to non-steady test conditions 

If the operating conditions during a test run are not steady, 
then additional errors may occur. The maximum fluctuations in 
test conditions which are normally allowable are specified 
in 7.4.1. 

In some cases, however, if the test is conducted on site it may 
not be possible to maintain steady conditions within these 
limits. In such cases, by mutual agreement the test may be 
considered valid but an additional error is introduced, the likely 
maximum value of which (confidence limit) can be obtained 
from table 8. 



Table 8 — Uncertainties due to the instability 
of test conditions 

Values in per cent 



Fluctuation in power input 
about the mean value 


Uncertainty 
(confidence limit) 


2 
3 
4 
5 




0,5 
1,0 
1,5 



9.2.7 Total uncertainty in power consumption, specific 
power consumption, specific fuel consumption or 
efficiency 

The total uncertainty in power consumption (or fuel con- 
sumption) is obtained by calculating the square root of the sum 
of the squares of the appropriate individual uncertainties each 
multiplied by an appropriate factor. 

The relevant individual uncertainties and the appropriate 
factors by which each should be multiplied for each type of 
compressor and each type of test are given in table 9. 

Similarly the individual uncertainties and their. appropriate 
multiplying factors to determine the total uncertainty Tn-specific 
power consumption, specific fuel consumption or efficiency 
are given in table 10. 



EXAMPLE 

In the case of a cooled compressor in accordance with,.8.2.4.2 
in/which the power consumption was obtained by measuring 
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the shaft torque and speed, the total uncertainty in power 
consumption is given by 



T res,P. 



+ [£ P M/> 2 //>i>ucorr 1 ,Te] 2 + 
+ ttptoWP^)l,l,Co^z^J e ] 2 + 



lr><^i>t Px ' 2 



Te 



(^„.»c) 2 Te 



p Z l^)x. + (-Hf T ^) : 



1/2 



where 

z is the number of stage groups separated by intercoolers; 
j is the number of the stage group. 



9.2.8 Total uncertainties in the performance of a 
multistage compressor obtained by combining the 
results of separate tests on the individual stages or stage 
groups 

In this case the overall uncertainties can be computed as 
follows. 



9.2.8.1 Volumetric flow 



z 

1 , K-l 

T C omb,.7 K = — d + 0,2 v * - 1 > 2* v; 



7 = 1 



9.2.8.2 Pressure ratio 



T comb,p 2 //i> 1 



7 = 1 






9.2.8.3 Power consumption 



Tcomb,p - n+o,2V*-u £ *pj v£: 

7=1 J 



The factor (1 + 0,2 >/T-T) is included in each of the above 
formulae to allow for the unavoidable inaccuracies involved in 
measuring each stage or stage group separately and combining 
the results. 

9.2.9 Additional uncertainties 

Where additional uncertainties due to the conversion from the 
test conditions to the guaranteed conditions (see 9.2.3) or to 
non-steady test conditions (see 9.2.4) are appropriate, these 
should be added to the total uncertainty statistically : 



±v 



T res + r adj + r 



2 
flue 



9.3 Graphical comparison 

9.3.1 Normal case 

Normally (see 7.2.7) at least two test points will be obtained 
close to and bridging the guarantee point or each of several 
guarantee points. The comparison is made as follows. 

A chart is constructed in which the parameter to be compared 
(specific compression work, pressure ratio, pressure rise, 
power consumption, specific power consumption, efficiency, 
etc.) is plotted as the ordinate against flow-rate as the abscissa 
(see figure 3). Each test point is plotted on this chart and 
around each point is constructed an ellipse, the axes of which 
indicate the magnitude of the uncertainties in the relevant 
parameters. Upper and lower curves are drawn tangential to 
these ellipses. It can be stated, with at least 95 % confidence, 
that the true performance of the compressor lies within this test 
band. 

The comparison is made by plotting the guaranteed operating 
point or points on the graph. 

9.3.2 Criterion of acceptance 

The criterion of acceptance of the test result shall be subject to 
specific agreement between manufacturer and customer taking 
account of the test uncertainty and the agreed manufacturing 
tolerance. 

Where no such agreement has been reached the following 
criterion shall apply. 

The guarantee shall be deemed to have been satisfied if the 
guarantee point lies within the test band or if the extent by 
which it lies outside the test band (measured either horizontally 
or vertically depending on how the guarantee was stated) does 
not exceed the agreed manufacturing tolerance. 

9.3.3 Special cases 

Where it is not possible to satisfy the requirement of 7.2.7, a 
single test point may be compared with a guaranteed per- 
formance curve (see figure 4). In this case, the guaranteed 
curve is drawn on the chart together with the agreed manu- 
facturing tolerance giving a guaranteed band. The single test 
result is plotted together with the ellipse indicating the 
magnitude of the test uncertainty. 
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In this case, unless otherwise agreed, the guarantee shall be 
considered to have been met provided that some part of the 
test ellipse touches or cuts the guaranteed band. 

9.4 Non-graphical comparison 

In the exceptional case that only one test point is possible and 
this has to be compared with one guaranteed point, the 
measured power requirement which has been converted to 
guarantee conditions P e co ' s further reduced to guarantee 
values using the formula 

'e.Co.Gu = _ u, '^e.Co 

QVAA.Co' w m,Co 

assuming a constant efficiency, and is compared with the 
guaranteed power requirement P eGu , The applicability of this 
method is limited by the admissibility of the constant efficiency 
assumption. 



10 Test report 

After completion of the acceptance test, a test report shall be 
drawn up recording all the necessary information as to the pro- 
cedure and results of the test. It shall contain the following 
items: 

a) data and place of the test and the names of the super- 
visor and other participants; 

b) technical data as follows 

— compressor : owner, site and purpose of installation, 
manufacturer, type and serial number, year of manu- 
facture, a short technical description giving operational 
data, auxiliaries and their drive, and any other special 
features (intercooling and lubricating system, etc.). 



— driving unit : generally the same items as for the com- 
pressor, but in particular those which are essential for 
establishing the specified performance; 

c) conditions and scope of the guarantees according to 
the contract; 

d) programme of the procedure and diagram of the test 
arrangement indicating location of measuring points, type 
of instruments used and their calibration records; 

e) a record of the test run together with a table of the 
average values of the important readings and the time they 
were taken; if possible, a record of the maximum and 
minimum readings; copies of the log sheets and of any 
readouts from an automatic recorder, as well as duplicates 
of the gas analysis, etc.; 

f) an indication of any unscheduled occurrences which 
were noted during the test; 

g) the formulae used for the calculation of the results, 
with due regard to the propagation of the mean uncer- 
tainties as they influence the final results; 

h) a statement of the method used for converting thb :-»*t 
results to specified conditions with reference to the tables 
and charts used (8.2); a clear definition of the reference pro- 
cess chosen; 

i) a comparison of the actual performance with the 
guaranteed values or data; a statement of whether the con- 
tract values have been met or not. 

The test report shall be signed by representatives of the 
manufacturer and customer. The original log sheets shall 
remain in the custody of the engineer in charge of the ac- 
ceptance test. 



27 



IS 14641 : 1999 
ISO 5389 : 1992 



Table 9 — Individual uncertainties and appropriate multiplying factors 1 ' to be used to calculate 
the total uncertainty in power or fuel consumption 2 ) 



- Individual 
uncertainty 


Uncooled compressor 

(see 8.2.3) 


Cooled compressor 

(see 8.2.4.1) 


Cooled compressor 

(see 8.2.4.2) 


Method of 
1 


power meas 

2 


urement3) 

3 


Method of 

1 


power measurement^! 
2 3 


Method of power measurement 3 ' 
1 2 3 


r /VT* 





1 








1 








1 





1 + vc 4 


1 + vu 


1 + Vf 4 


T fin.Te 


"in, Co 
A), Co 








°in,Co 
*\s,Co 








^in.Co 
^e,Co 








r Pi,Te 


Pf.Co 
^e,Co 


1 


1 


^*f,Co 
^e,Co 


1 


1 


P l Co 
A>,Co 


1 


1 


1+C4 


I+C4 


1 + C4 


I+C4 


1+C4 


I+C4 


x q v Je 





























r F,Te 








1 








1 








1 


1 + vc 4 


1 + vc 4 


1 + VC4 


T N,Te 


1 


1 





1 


1 





• ,+2c " ln (^),. C0 


F y Pi aco 


%Te 


1 


1 




In WPihe 




T T\,Te 




















P VVl.Co 


r Zi,Te 




















Vl 'l,Co 


T P 2 .Te 
r K,Te 




1 




In (p 2 /Pthe 




T K,Je 


C3 


Cz 


c 3 




















T 7i,ll,Te 




















Cp 


c. 


z P 


T Zi,ll,Te 




















C* 


(p 


S P 


T 7iJ,Te 











z-1 

z 


z-1 

z 


z-1 
z 


z-2 

z-\ 


z-2 
z-1 


z-2 
z-\ 


1 ) Correction factors are given by the formulae 

1 1 ln(/> 2 //>1>Te 




3 (K-1) Te «Te 
,, "e,Te 


1 - ip 2 'P\he 




'f.Co /> ^f,T 
*in, Co 

„ ^*in, II, Co 
'in, Co 

2) z = number of stage group 

3) Methods of power measure 

Method 1 : by measuring 
Method 2 : by measurem 
Method 3 : by measuring 


e 

s separated b 

ment: 

the internal p 
ent at the driv 

the torque F 


/ intermediate 

ower P m and 

e unit. 

and the speec 


coolers, 
the mechanic: 
\N. 


il losses Pf. 
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Table 10 — individual uncertainties and appropriate multiplying factors 1 ' to be used to calculate the total uncertainty 
in specific power consumption, specific fuel consumption or efficiency 2 ) 



Individual 
uncertainty 


Uncooled compressor 

(see 8.2.3) 


Cooled compressor 

(see 8.2.4.1) 


Cooled compressor 

(see 8.2.4.2) 


Method pi 

1 


power meas 
2 


lurement 31 

3 


Method of 

1 


power measurement 31 

2 3 


Method of power measurement 3 ' 
1 2 3 


T Pa,T9 





1 








1 








1 





1 + Vf 4 


1 + Vf 4 


1 + vc 4 


T Pm.Te 


^in, Co 
^e,Co 








''in, Co 
*Vco 








''in, Co 
''e.Co 








T PfJo 


P 1,Co 
^e,Co 


1 


1 


^f.Co 
^e,Co 


1 


1 


^f.Cb 

'Vco 


1 


1 


1+C4 


I+C4 


1+C4 


I+C4 


1+C4 


1+C4 


T F,Te 








1 








1 








1 


1 + vc 4 


1 + VC4 


1 + Vf 4 


T Qy.Te 


1 


1 


1 


1 


1 


1 


1 


1 


1 


T N,Te 








1 








1 


VVl.Co 


VlA.Co 


r P v Te 


1 


1 




In (/7 2 /Pi»Te 




r T},7e 
T R,Te 


1 


1 


1 


1 


1 


1 


i+ y(?) 


r Zl,Te 




















1+fplnp) 

\Pi/|,Co 


T /> 2 ,Te 




1 




In WP^Te 




r /c,Te 


C 3 


C3 


c 3 




















T 7i,ll,Te 




















Cp 


c P 


Zp 


r Zl,H,Te 




















fp 


c P 


Zp 


T rw,Te 











2-1 

Z 


z-1 

z 


z-1 
z 


Z-2 

z-1 


z-2 

z-1 


z-2 
z-1 


1 ) Correction factors are given by the formulae 

1 1 Mp 2 /Pih e 




[K — 1 )j e K j e 

r "e, Te 


1-</> 2 //>1>Te ,1 " CTe,/ " Te 




U - p 

_ nn,Te _ 
O.Co d r »T< 
'in, Co 

. °in,l!,Co 

^ P ~ P r- 

*in,Co 

2) z = number of stage group 

3) Methods of power measurer 

Method t : by measuring 
Method 2 : by measuremi 
Method 3 : by measuring 


3 

s separated by 

Tient: 

the internal pc 

snt at the driv< 

the torque Ft 


intermediate 

iwer P in and t 

i unit. 

Mid the speed 


coolers. 

he mechanics 

N. 


losses Pf. 




' 
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Figure 3 — Comparison of a single guaranteed point with a test curve 
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Figure 4 — Comparison of a single test point with a guaranteed curve 
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Annex A 

(normative) 

Properties of gases and gas mixtures — Recommendations relating to the 
compressibility factor and to derivative compressibility factors 



A.1 General recommendations 

A.1.1 The following general recommendations relating to 
thermodynamic data for gases and gas mixtures shall be used 
in connection with this International Standard. 

These recommendations should not be considered to be 
exclusive, but to represent the most up-to-date information. 
More data are becoming available continually and in any 
specific case the user of this International Standard should 
refer to the latest published information. 

A. 1.2 Where suitable coefficients are available to be used in 
conjunction with an established equation of state (e.g. 
B.W.R.S., see [5]) for the particular gas or gas mixture in ques- 
tion, then these shall be used. 

A. 1 .3 In the case of gas mixtures where suitable coefficients 
for use with an equation of state are available for the separate 
components of the mixture but not for the actual mixture in 
question, then the coefficients for the mixture can be obtained 
from the coefficients for the components by using the mixing 
rules appropriate to the equation of state being used. Suitable 
mixing rules are presented in [6]. 

A.1 .4 When suitable coefficients are available neither for the 
particular gas or gas mixture in question nor, in the case of a 
mixture, for the component gases, then the gas properties may 
be obtained by using generalized compressibility functions 
based on the concept of reduced temperature and reduced 
pressure. 



which includes the acentric factor, as the simpler method 
specified in [8] is subject to particular inaccuracy in this area. 

A.1 .5 In the case of gas mixtures, except in the case of 
mixtures containing polar gases and particularly 

— water vapour, 

— ammonia, 

— hydrogen sulfide, and 

— halogenated hydrocarbon refrigerant mixed with other 
gases of a very different molecular structure, 

simple linear mixing rules may be used to determine the 
pseudo-critical conditions of the mixture, i.e. 

PCr = ZnPCr 

and 

(o = E//G), 

provided that the following conditions are satisfied : 



It is recommended that the method employing the concept of 
the acentric factor (see [7]) be used rather than the simpler 
two-parameters charts given in {8]. 

Tables and charts, from which the compressibility factors Z (0) 
and Z (1) for use with the method can be obtained, are 
presented in [9]D. The isothermal derivative factors ZJ 0) and 
Zj ' and the isobaric derivative factors Zp 0) and Zp 11 can be ob- 
tained from the method given in [10], chapter 26. 

Where the conditions of the gas in question are close to the 
critical conditions (i.e. within the shaded area shown in the 
charts for Z<0' published in [9]), it is essential to use the method 



'Cr max 



Tcr, 



< 2 



and either 



PCtmax Qr \ v Cr M >max 



PCx 



(vc,M« 



is close to unity, where T Cr ^ T Cf min p Cr mW( p Cl mjn- v Cr max 
and v Cr m i n are respectively the maximum and minimum values 
of the critical properties of the components of the mixtures. 



1) Other tables based on the method of calculation of Lee and Kesler have been published in 161. The deviation-function table of Lee and Kesler 
(see [6]) differs somewhat from those of Pitzer (see [71) and Curl (see [61), but it seems according to R.C. Reid and T.K. Sherwood (61 that extensive 
testing indicates that this new table is the more accurate. 
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A.2 Specific recommendations for the 
sources of thermodynamic data and suitable 
equations of state and the coefficients to be 
used therewith for some of the more 
common gases 

These recommendations should not be considered to be 
exclusive nor necessarily to be the best data available. They are 
mainly based on the results of a survey among compressor 
manufacturers and users. 

More data are becoming available continually and the user of 
this International Standard is recommended to refer to the 
latest published literature. 



A.2.1 Air 

The data currently in use are those given in [11] and [12]. 

These are believed to be adequate for most compressor pur- 
poses. However, later and probably more accurate data, par- 
ticularly at extreme temperatures and pressures, are available 
(see [13], 114] and [15]). 



Specifically for ethylene and propylene, more accurate data are 
available in [5], [27] [28] and [29]. 

Where it is desired to use an equation of state, the equations 
given by Benedict, Webb and Rubin [30] and by Redlich and 
Kwong [31] or the slightly less accurate but simpler Beattie — 
Bridgeman [32] equation (see [24] and [10]) may be used pro- 
vided that the compression process under consideration does 
not extend into the mixed-phase region. 

Where saturated or mixed-phase conditions are involved, the 
use of one of the "extended B.W.R.S." equations is rec- 
ommended (see [5]). However, a great many experiments are 
required to determine the values of the many constants used in 
these equations. 

The values derived from the selected equation should be com- 
pared with the data recommended above over the field of 
interest. 



A.2.5 Carbon dioxide 

See [33]. 

A.2.6 Helium 

See [34]. 



A.2.2 Refrigerants (halogenated hydrocarbons) 

Data are available in [16], [17] [18], [19], [20] and [21]. 



A.3 Compressibility factors of hydrocarbon 
gases and isentropic coefficient 



A.2.3 Ammonia 

The data in use are those published in [16]. However, these 
data are based on experiments made 50 years ago and pub- 
lished then (see [22]); they are inaccurate at high pressures, 
close to saturation conditions, and near the critical point. 

More data are available in [12]. 

A new equation of state taking account of recent work, 
particularly that by Frank and Baehr, has been developed by 
L. Haar and is published in [23] to replace [22]. 



A.2.4 Pure hydrocarbons 

The data in use are those published by Edmister [24] and 
Starling [5]. 

For saturated hydrocarbons the Edmister data, or other data 
based on [25], are considered to be satisfactory for most com- 
pressor purposes. However, new data are currently being pro- 
duced by the National Bureau of Standards (see [26]). 

For unsaturated hydrocarbons the situation is more confused 
and many data in common use are known to be inaccurate by 
reference to more recent experiments. 
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A.3.1 Compressibility factor of pure 
hydrocarbon gases 

The following equation can be used to predict the com- 
pressibility factor, Z, of pure hydrocarbon gases: 

Z = Z<°> + a) Z™ 

where 

Z ,0> is the compressibility factor for the simple fluid, which 
is tabulated as a function of T T and p r in table A. 1 ; 

Z {1) is the correction term for molecular acentricity, which 
is tabulated as a function of T r and p r in table A.2; 

(see also [6], tables 3.1 and 3.2) 

(o is the acentric factor, which is defined as 

(O = -dog p, ^ +1) 
at 

T - ?** = 07 

y r, sat _ r ~ u < ' 
'Cr 

or, more conveniently. 



U) = 



igpcr 



ITcr/T^) - 1 



- 1 
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where 

Per is the critical pressure in atmospheres (1 atm = 
760mmHg = 1,013 bar); 

T Cr is the critical temperature, in kelvins; 

7^,, is the boiling temperature, in kelvins; 

Psat ' s tne saturation pressure at a temperature 7^, t = 
0,7 x T Cr ; 



Pr, sat 



Aat 
Per 



where the values of Zf\ Z^\ Z' ' and Z^ 11 are given in figures 
A.1 and A.2. (See also [10].) 

The correlation between the Edmister derivative compressibility 
factors and the Schultz coefficients X and Y is given by the 
formulae 






'-* 



A.3.2 Derivative compressibility factors 

(see figures A.1 and A.2) 

The derivative compressibility factors, Z T and Z p , are given by 
the equations 



z T = zf + co zy 



(1) 



and 



Z p ~zf + u>Z™ 



A.3.3 Isentropic exponent 

The isentropic exponent k of a real gas differs from the value 
c p lcy which it assumes for an ideal gas. The calculation of 
the specific heat capacity and of the isentropic exponent for a 
real gas shall take into account the effect of pressure. 

The definition of the isentropic exponent for a real gas is given 
in table 3. 
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Table A.1 — Values of compressibility factor Z ,0) 











Z I0) 










T , 


p, = 0,010 


p, = 0,050 


p r = 0,100 


p, = 0,200 


p r = 0,400 


p r = 0,600 


p r = 0,8on 




0,30 


0,002 9 


0,014 5 


0,029 


0,057 9 


0,1158 


0,173 7 


0,231 5 




0,35 


0,002 6 


0,013 


0,026 1 


0,052 2 


0,104 3 


0,156 4 


0,208 4 




0,40 


0,002 4 


0,011 9 


0,023 9 


0,047 7 


0,095 3 


0,142 9 


0,190 4 




0,45 


0,002 2 


0,011 


0.022 1 


0,044 2 


0,088 2 


0,132 2 


0,176 2 




0,50 
0,55 


0,002 1 


0,010 3 
0,009 8 


0,020 7 
0,019 5 


0,041 3 
0,039 


0,082 5 
0,077 8 


0,123 6 
0,116 6 


0,164 7 
0,155 3 




0.980 4 




0,60 
0,65 
0,70 


0,984 9 
0,988 1 
0.990 4 


0,009 3 


0,018 6 
0,017 8 


0,037 1 
0,035 6 
0,034 4 


0,074 1 
0,071 
0,068 7 


0,110 9 
0,106 3 
0,102 7 


0,147 6 
0,141 5 
0,136 6 




0,937 7 
0,950 4 




0,895 8 




0,75 
0,80 


0,992 2 
0,993 5 


0,959 8 
0,966 9 


0,916 5 
0,931 9 


0,033 6 


0,067 
0,066 1 


0,100 1 
0,098 5 


0,133 
0,130 7 




0,853 9 




0,85 
0,90 
0,93 


0,994 6 
0,995 4 
0,995 9 


0,972 5 
0,976 8 
0,979 


0,943 6 
0,952 8 
0,957 3 


0,881 
0,901 5 
0,911 5 


0,066 1 


0,098 3 
0,100 6 


0,130 1 
0,132 1 
0,135 9 




0,780 
0,805 9 




0,663 5 




0,95 
0,97 


0,996 1 
0,996 3 


0,980 3 
0,981 5 


0,960 
0,962 5 


0,917 4 
0,922 7 


0,820 6 
0,833 8 


0,696 7 
0,724 


0,141 




0,558 




0.98 


0,996 5 


0,982 1 


0.963 7 


0.925 3 


0,839 8 


0,736 


0,588 7 




0,99 


0,996 6 


0,982 6 


0,964 8 


0,927 7 


0,845 5 


0,747 1 


0,613 8 




1,00 


0,996 7 


0,983 2 


0,965 9 


0,930 


0,850 9 


0,757 4 


0,635 3 




1,01 


0,996 8 


0,983 7 


0,966 9 


0,932 2 


0,856 1 


0,767 1 


0,654 2 




1,02 


0,996 9 


0,984 2 


0,967 9 


0,934 3 


0,8610 


0,776 1 


0,671 




1,05 


0,997 1 


0,985 5 


0,970 7 


0,940 1 


0,874 3 


0,800 2 


0,713 




1,10 


0,997 5 


0,987 4 


0,974 7 


0,948 5 


0,893 


0,832 3 


0,764 9 




1,15 


0,997 8 


0,989 1 


0,978 


0,955 4 


0,908 1 


0,857 6 


0,803 2 




1,20 


0,998 1 


0,990 4 


0,980 8 


0,961 1 


0,920 5 


0,877 9 


0,833 




1,30 


0,998 5 


0,992 6 


0,985 2 


0,970 2 


0,939 6 


0,908 3 


0,876 4 




1,40 


0,998 8 


0,994 2 


0,988 4 


0,976 8 


0,953 4 


0,929 8 


0,906 2 




1,50 


0,999 1 


0,995 4 


0,990 9 


0,9818 


0,963 6 


0,945 6 


0,927 8 




1,60 


0,999 3 


0,996 4 


0.992 8 


0,985 6 


0,971 4 


0,957 5 


0,943 9 




1,70 


0,999 4 


0,997 1 


0,994 3 


0,988 6 


0,977 5 


0,966 7 


0,956 3 




1,80 


0,999 5 


0,997 7 


0,995 5 


0,991 


0,982 3 


0,973 9 


0,965 9 




1,90 


0,999 6 


0,998 2 


0,996 4 


0,992 9 


0,986 1 


0,979 6 


0,973 5 




2,00 


0,999 7 


0,998 6 


0,997 2 


0,994 4 


0,989 2 


0,984 2 


0,979 6 




2,20 


0.999 8 


0,999 2 


0,998 3 


0,996 7 


0,993 7 


0,991 


0,988 6 




2,40 


0,999 9 


0,999 6 


0,999 1 


0,998 3 


0,996 9 


0,995 7 


0,994 8 




2,60 


1,000 


0,999 8 


0,999 7 


0,999 4 


0,999 1 


0,999 


0,999 




2,80 


1,000 


1,000 


1,000 1 


1,000 2 


1,000 7 


1,001 3 


1.002 1 




3,00 


1,000 


1,000 2 


1,000 4 


1,000 8 


1,001 8 


1,003 


1,004 3 




3,50 


1,000 1 


1,000 4 


1,000 8 


1,001 7 


1,003 5 


1,005 5 


1,007 5 




4,00 


1,000 1 


1,000 5 


1,0010 


1,002 1 


1,004 3 


1,006 6 


1,009 





34 



IS 14641 : 1999 
ISO 5389 : 1992 



Table A.1 — Values of compressibility factor Z (0) (concluded) 





T, 








Z 


0) 










p, = 1,000 


Pr = 1,200 


p T = 1,500 


p r = 2,000 


p r = 3,000 


p r = 5,000 


p, = 7,000 


p x = 10,000 




0,30 


0,289 2 


0,347 


0,433 5 


0,577 5 


0,864 8 


1,436 6 


2,004 8 


2,850 7 




0,35 


0,260 4 


0,312 3 


0,390 1 


0,519 5 


0,777 5 


1,2902 


1,798 7 


2,553 9 




0,40 


0,237 9 


0,285 3 


0.356 3 


0,474 4 


0,709 5 


1,175 8 


1,637 3 


2,321 1 




0,45 


0,220 


0,263 8 


0,329 4 


0,438 4 


0,655 1 


1,084 1 


1,507 7 


2,133 8 




0,50 


0,205 6 


0,246 5 


0,307 7 


0,409 2 


0,611 


1,0094 


1,401 7 


1,980 1 




0,55 


0,193 9 


0,232 3 


0,289 9 


0,385 3 


0,574 7 


0,947 5 


1,313 7 


1,852 




0,60 


0,184 2 


0,220 7 


0,275 3 


0,365 7 


0,544 6 


0,895 9 


1,239 8 


1,744 




0,65 


0,176 5 


0,211 3 


0,263 4 


0,349 5 


0,519 7 


0,852 6 


1,177 3 


1,651 9 




0,70 


0,170 3 


0,203 8 


0,253 8 


0,336 4 


0,499 1 


0,816 1 


1,124 1 


1,572 9 




0,75 


0,165 6 


0,198 1 


0,246 4 


0,326 


0,482 3 


0,785 4 


1,078 7 


1,504 7 




0,80 


0,162 6 


0,194 2 


0,241 1 


0,318 2 


0,469 


0,759 8 


1,0400 


1,445 6 




0,85 


0,161 4 


0,192 4 


0,238 2 


0,313 2 


0,459 1 


0,738 8 


1,007 1 


1,394 3 




0,90 


0,163 


0,193 5 


0,238 3 


0,311 4 


0,452 7 


0,722 


0,979 3 


1,349 6 




0,93 


0.166 4 


0,196 3 


0,240 5 


0.312 2 


0,450 7 


0,713 8 


0,964 8 


1,325 7 




0,95 


0,170 5 


0,199 8 


0,243 2 


0,313 8 


0,450 1 


0,709 2 


0,956 1 


1,310 8 




0,97 


0,177 9 


0,205 5 


0,247 4 


0,316 4 


0,450 4 


0,705 2 


0,948 


1,298 8 




0,98 


0,184 4 


0,209 7 


0,250 3 


0,318 2 


0,450 8 


0,703 5 


0,944 2 


1,290 1 




0,99 


0,195 9 


0,215 4 


0,253 8 


0,320 4 


0,451 4 


0,701 8 


0,940 6 


1,283 5 




1,00 


0,290 1 


0,223 7 


0,258 3 


0,322 9 


0,452 2 


0,700 4 


0,937 2 


1,277 2 




1,01 


0,464 8 


0,237 


0,264 


0,326 


0,453 3 


0,699 1 


0,933 9 


1,271 




1,02 


0,514 6 


0,262 9 


0,271 5 


0,329 7 


0,454 7 


0,698 


0,930 7 


1 ,265 




1,05 


0,602 6 


0,443 7 


0,313 1 


0,345 2 


0,460 4 


0,695 6 


0,922 2 


1,248 1 




1,10 


0,688 


0,598 4 


0,458 


0,395 3 


0,477 


0,695 


0,911 


1,223 2 




1,15 


0,744 3 


0,680 3 


'0,579 8 


0,476 


0,504 2 


0,698 7 


0,903 3 


1,202 1 




1,20 


0,785 8 


0,736 3 


0,660 5 


0yS6Q5 


0,542 5 


0,706 9 


0,899 


1,1844 




1,30 


0,843 8 


0,811 1 


0,752 4 


0,690 8 


0,634 4 


0.735 8 


0,899 8 


1,1580 




1,40 


0,882 7 


0,859 5 


0,825 6 


0,775 3 


0,720 2 


0,776 1 


0,911 2 


1,141 9 




1,50 


0,910 3 


0,893 3 


0,868 9 


0,832 8 


0,788 7 


0,820 


0;i929 7 


1,133 9 




1,60 


0,930 8 


0,918 


0,900 


0,873 8 


0,841 


0,861 7 


0,951 8 


1,132 




1,70 


0,946 3 


0,936 7 


0.923 4 


0,904 3 


0.880 9 


0,898 4 


0,974 5 


1,1343 




1,80 


0,958 3 


0,951 1 


0,941 3 


0,927 5 


0,911 8 


0,929 7 


0,996 1 


1,139 1 




1,90 


0,967 8 


0,962 4 


0,955 2 


0,945 6 


0,935 9 


0,955 7 


1,015 7 


1,145 2 




2,00 


0,975 4 


0,971 5 


0,966 4 


0,959 9 


0,955 


0,977 2 


1,032 8 


1,151 6 




2,20 


0,986 5 


0,984 7 


0,982 6 


0,980 6 


0,982 7 


1,009 4 


1,060 


1,1635 




2,40 


0,994 1 


0,993 6 


0,993 5 


0,994 5 


1,001 1 


1,031 3 


1,079 3 


1,172 8 




2,60 


0,999 3 


0,999 8 


1,001 


1,004 


1,013 7 


1,046 3 


1,092 6 


1,179 2 




2,80 


1,003 1 


1,004 2 


1,006 3 


1,010 6 


1,022 3 


1,056 5 


1,101 6 


1,1830 




3,00 


1,005 7 


1,007 4 


1,0101 


1,015 3 


1,028 4 


1,0635 


1,107 5 


1,1848 




3,50 


1,009 7 


1,012 


1,015 6 


1,022 1 


1,036 8 


1,072 3 


1,113 8 


1,1834 




4,00 


1,011 5 


1,014 


1,017 9 


1,024 9 


1,040 1 


1,074 7 


1,1136 


1,1773 



35 



IS 14641 : 1999 
ISO 5389 : 1992 



Table A.2 — Values of correction term Z ni 











z u> 










T T 


p, = 0,010 


p r = 0,050 


p, = 0,100 


p, = 0,200 


p T = 0,400 


p r = 0,600 


AY = 0,800 




0,30 


-0,000 8 


-0,004 


-0,008 1 


-0,016 1 


-0,032 3 


-0,048 4 


-0,064 5 




0,35 


-0,000 9 


-0,004 6 


-0,009 3 


-0,018 5 


-0,037 


-0,055 4 


-0,073 8 




0,40 


-0,001 


-0,004 8 


-0,009 5 


-0,019 


-0,038 


-0,057 


-0,075 8 




0,45 


-0,000 9 


-0,004 7 


-0,009 4 


-0,018 7 


-0,037 4 


-0,056 


-0,074 5 




0,50 
0,55 


-0,000 9 


-0,004 5 
-0,004 3 


-0,009 
-0,008 6 


-0,018 1 
-0,017 2 


-0,036 
-0,034 3 


-0,053 9 
-0,051 3 


-0,071 6 
-0,068 2 




-0,031 4 




0,60 
0,65 
0,70 


-0,020 5 
-0,013 7 
-0,009 3 


-0,004 1 


-0,008 2 
-0,007 8 


-0,016 4 
-0,015 6 
-0,014 8 


-0,032 6 
-0,030 9 
-0,029 4 


-0,048 7 
-0,046 1 
-0,043 8 


-0,064 6 
-0,061 1 
-0,057 9 




-0,077 2 
-0,050 7 




-0,116 1 




0,75 
0,80 


-0,006 4 
-0,004 4 


-0,033 9 
-0,022 8 


-0,074 4 
-0,048 7 


-0,014 3 


-0,028 2 
-0,027 2 


-0,041 7 
-0,040 1 


-0,055 
-0,052 6 




-0,116 




0,85 
0,90 
0,93 


-0,002 9 
-0,001 9 
-0,001 5 


-0,015 2 
-0,009 9 
-0,007 5 


-0,031 9 
-0,020 5 
-0,015 4 


-0,071 5 
-0,044 2 
-0,032 6 


-0,026 8 


-0,039 1 
-0,039 6 


-0,050 9 
-0,050 3 
-0,051 4 




-0,1118 
-0,076 3 




-0,156 2 




0,95 
0,97 


-0,001 2 
-0,001 


-0,006 2 
-0,005 


-0,012 6 
-0,010 1 


-0,026 2 
-0,020 8 


-0,058 9 
-0,045 


-0,111 
-0,077 


-0,054 




-0,164 7 




0,98 


-0,000 9 


-0,004 4 


-0,009 


-0,018 4 


-0,039 


-0,064 1 


-0,110 




0,99 


-0,000 8 


-0,003 9 


-0,007 9 


-0,016 1 


-0,033 5 


-0,053 1 


-0,079 6 




1,00 


-0,000 7 


-0,003 4 


-0,006 9 


-0,014 


-0,028 5 


-0,043 5 


-0,058 8 




1,01 


-0,000 6 


-0,003 


-0,006 


-0,012 


-0,024 


-0,035 1 


-0,042 9 




1,02 


-0,000 5 


-0,002 6 


-0,005 1 


-0,010 2 


-0,019 8 


-0,027 7 


-0,030 3 




1,05 


-0,000 3 


-0,001 5 


-0,002 9 


-0,005 4 


-0,009 2 


-0,009 7 


-0,003 2 




1,10 


-0,000 


0,000 


0,000 1 


0,000 7 


0,003 8 


0,010 6 


0,023 6 




1,15 


0,000 2 


0,001 1 


0,002 3 


0,005 2 


0,012 7 


0,023 7 


0,039 6 




1,20 


0,000 4 


0,001 9 


0,003 9 


0,008 4 


0,019 


0,032 6 


0,049 9 




1,30 


0,000 6 


0,003 


0,006 1 


0,012 5 


0,026 7 


0,042 9 


0,061 2 




1,40 


0,000 7 


0,003 6 


0,007 2 


0,014 7 


0,030 6 


0,047 7 


0.066 1 




1,50 


0,000 8 


0,003 9 


0,007 8 


0,015 8 


0,032 3 


0,049 7 


0,067 7 




1,60 


0,000 8 


0,004 


0,008 


0,016 2 


0,033 


0,050 1 


0,067 7 




1,70 


0,000 8 


0,004 


0,008 1 


0,016 3 


0,032 9 


0,049 7 


0,066 7 




1,80 


0,000 8 


0,004 


0,008 1 


0,016 2 


0,032 5 


0,048 8 


0,065 2 




1,90 


0,000 8 


0,004 


0,007 9 


0,015 9 


0,031 8 


0,047 7 


0,063 5 




2,00 


0,000 8 


0,003*9 


0,007 8 


0,015 5 


0,031 


0,046 4 


0,061 7 




2,20 


0,000 7 


0,003 7 


0,007 4 


0,014 7 


0,029 3 


0,043 7 


0,057 9 




2,40 


0,000 7 


0,003 5 


0,007 


0,013 9 


0,027 6 


0,041 1 


0,054 4 




2,60 


0,000 7 


0,003 3 


0,006 6 


0,013 1 


0,026 


0,038 7 


0,051 2 




2,80 


0,000 6 


0,0031 


0,006 2 


0,012 4 


0,024 5 


0,036 5 


0,048 3 




3,00 


0,000 6 


0,002 9 


0,005 9 


0,011 7 


0,023 2 


0,034 5 


0,045 6 




3,50 


0,000 5 


0,002 6 


0,005 2 


0,010 3 


0,020 4 


0,030 3 


0,040 1 




4,00 


0,000 5 


0,002 3 


0,004 6 


0,009 1 


0,018 2 


0,027 


0,035 7 
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Table A.2 - Values of correction term Z ,1 > [concluded) 













Z (1l 










T r 


p t = 1,000 


p x = 1,200 


p r = 1,500 


p, = 2.000 


p, = 3,000 


p, = 5,000 


p x = 7,000 


p T = 10,000 




0,30 


-0,080 6 . 


-0,096 6 


-0,120 7 


-0,160 8 


-0.240 7 


-0,399 6 


-0,557 2 


-0,791 5 




0,35 


-0,092 1 


-0,110 5 


-0,137 9 


-0,183 4 


-0,273 8 


-0,452 3 


-0,627 9 


-0,886 3 




0,40 


-0,094 6 


-0,113 4 


-0,141 4 


-0,187 9 


-0,279 9 


-0,460 3 


-0,636 5 


-0,893 6 




0,45 


-0,092 9 


-0,111 3 


-0,138 7 


-0,184 


-0,273 4 


-0,447 5 


-0,616 2 


-0,860 6 




0,50 


-0,089 3 


-0,106 9 


-0,133 


-0,176 2 


-0,261 1 


-0,425 3 


-0,583 1 


-0,809 9 




0,55 


-0,084 9 


-0,101 5 


-0,126 3 


-0,166 9 


-0,246 5 


-0,3991 


-0,544 6 


-0,7521 




0,60 


-0,080 3 


-0,096 


-0,1192 


-0,157 2 


-0,231 2 


-0,371 8 


-0,504 7 


-0,692 8 




0,65 


-0,075 9 


-0,090 6 


-0,112 2 


-0,147 6 


-0,216 


-0,344 7 


-0,465 3 


-0,634 6 




0,70 


-0,071 8 


-0,085 5 


-0,105 7 


-0,138 5 


-0,201 3 


-0,318 4 


-0,427 


-0,578 5 




0,75 


-0,0681 


-0,080 8 


-0,099 6 


-0,129 8 


-0,187 2 


-0,292 9 


-0,390 1 


-0,525 




0,80 


-0,064 8 


-0,076 7 


-0,094 


-0,121 7 


-0,173 6 


-0,268 2 


-0,354 5 


-0,474 




0,85 


-0,062 2 


-0,073 1 


-0,088 8 


-0,113 8 


-0,160 2 


-0,243 9 


-0,320 1 


-0,425 4 




0,90 


-0,060 4 


-0,070 1 


-0,084 


-0,105 9 


-0,1463 


-0,219 5 


-0,286 2 


-0,378 8 




0,93 


-0,060 2 


-0,068 7 


-0,081 


-0,100 7 


-0,137 4 


-0,204 5 


-0,266 1 


-0,351 6 




0,95 


-0,060 7 


-0,067 8 


-0,078 8 


-0,096 7 


-0,131 


-0,194 3 


-0,252 6 


-0,333 9 




0,97 


-0,062 3 


-0,066 9 


-0,075 9 


-0,092 1 


-0,124 


-0,183 7 


-0,239 1 


-0,316 3 




0,98 


-0,064 1 


-0,066 1 


-0,074 


-0,089 3 


-0,1202 


-0,178 3 


-0,232 2 


-0,307 5 




0,99 


-0,068 


-0,064 6 


-0,071 5 


-0,086 1 


-0,1162 


-0,172 8 


-0,225 4 


-0,298 9 




1,00 


-0,087 9 


-0,060 9 


-0,067 8 


-0,082 4 


-0,1118 


-0,167 2 


-0,218 5 


-0,290 2 




1,01 


-0,022 3 


-0,047 3 


-0,062 1 


-0,077 8 


-0,107 2 


-0,161 5 


-0,211 6 


-0,281 6 




1,02 


-0,006 2 


0,022 7 


-0,052 4 


-0,072 2 


-0,102 1 


-0,155 6 


-0,204 7 


-0,273 1 




1,05 


0,022 


0,105 9 


0,045 1 


-0,043 2 


-0,083 8 


-0,137 


-0,183 5 


-0,247 6 




1,10 


0,047 6 


0,089 7 


0,163 


0,069 8 
0,166 7 


-0,037 3 


-0,102 1 


-0,146 9 


-0,2056 




1,15 


0,062 5 


0,094 3 


0,154 8 


0,033 2 


-0,061 1 


-0,108 4 


-0.164 2 




1,20 


0,071 9 


0,099 1 


0,147 7 


0,199 


0,109 5 


-0,0141 


-0,067 8 


-0,1231 




1,30 


0,0819 


0,104 8 


0,142 


0,199.1 


0,207 9 


0,087 5 


0,017 6 


-0,042 3 




1,40 


0,085 7 


0,106 3 


0,138 3 


0,189 4 


0,239 7 


0,173 7 


0,100 8 


0,035 Q 




1,50 


0,086 4 


0,105 5 


0,134 5 


0,180 6 


0,243 3 


0,230 9 


0,171 7 


d,105 8 


/ 


1,60 


0,085 5 


0,103 5 


0,130 3 


0,172 9 


0,238 1 


0.263 1 


0,225 5 


0,167 3 




1,70 


0,083 8 


0,100 8 


0,125 9 


0,165 8 


0,230 5 


0,278 8 


0,262 8 


0,217 9 




1,80 


0,0816 


0,097 8 


0,121 6 


0,159 3 


0,222 4 


0,284 6 


0,287 1 


0,257 6 




1,90 


0,079 2 


0,094 7 


0,117 3 


0,153 2 


0,214 4 


0,284 8 


0,301 7 


0,287 6 




2,00 


0,076 7 


0,0916 


0,113 3 


0,147 6 


0,206 9 


0,281 9 


0,309 7 


0,309 6 




2,20 


0,071 9 


0,085 7 


0,105 7 


0.137 4 


0,193 2 


0,272 


0,313 5 


0,335 5 




2,40 


0,067 5 


0,080 3 


0,098 9 


^,128 5 


0.181 2 


0,260 2 


0,308 9 


0,345 9 




2,60 


0,063 4 


0,075 4 


0,092 9 


0,120 7 


0,170 6 


0,248 4 


0,300 9 


0,347 5 




2,80 


0,059 8 


0,071 1 


0,087 6 


0,113 8 


0,161 3 


0,237 2 


0,291 5 


0,344 3 




3,00 


0,056 5 


0,067 2 


0,082 8 


0.107 6 


0,152 9 


0,226 8 


0,2817 


0,338 5 




3,50 


0,049 7 


0,0591 


0,072 8 


0,094 9 


0.135 6 


0,204 2 


0,258 4 


0,319 4 




4,00 


0,044 3 


0,052 7 


0,0651 


0,084 9 


0,121 9 


0,185 7 


0,237 8 


0,299 4 



37 



IS 14641 : 1999 
ISO 5389 : 1992 



(0) O.I 



0,2 0,3 0,4 0,5 0,6 0,7 0,80,9 1,0 



9 10 




Figure A.I a) — Values of 2| 0> as a function of p r 
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A.4 Properties of gas mixtures and 
gas-vapour mixtures, considered as perfect 
gases 

A.4.1 Gas mixtures 

A.4.1,1 The ratio of the components is given by the formula 

QiVj _ q m ,i 

m. - — — 

Q V q m 

I/w, = 1 
A.4.1. 2 The molar proportion is given by the formula 
mole, 



Yi = 



Smole 



A.4.1 .3 The volume ratio of the components is given by the 
formula 



A.4.1 .8 The mean molar specific heat of the mixture is deter- 
mined as follows : 

C pM = l^r, C p j 



A.4.1. 9 The mean specific heat of the mixture is determined 
as follows: 



c p = H.m,c pi 
c v = c p -R 



A.4.1. 10 The mean isentropic exponent is determined as 
follows : 



K M 



ILntiCyj J [ Im,l/c ( /(fc r 1)]J 



n = 



Vi _ Qv.i 



V 

5> / = i 



<lv 



NOTE - For mixtures of perfect gases r t represents the molar pro- 
portion. 

A.4.1 .4 The partial pressures p- t of the components are given 
by the formula 

Epj = p 

A.4. 1.5 The mean molecular mass of the mixture is deter- 
mined as follows : 

1 ~ Pi 






A.4.1. 6 The mean gas constant of the mixture is determined 
as follows : 



A.4.2 Gas-vapour mixtures 



A. 4.2.1 The vapour content is defined by one of the following 
quantities. 



A. 4.2.1 .1 The relative humidity, <p, which is the ratio between 
the partial vapour pressure and the saturation pressure at the 
temperature of the mixture is given by the formula 



Pv 

Psat 



<1 



For <p > 1 there is a formation of condensate. 



A.4.2. 1.2 The humidity content, %. which is the vapour mass 
related to the mass of dry gas is given by the formula 



Rm — 



re mol 

M 



1 



I- 



A.4. 1,7 The following relationships exist: 



m, 



E/;M, 



„ _ 0K-"G _ R G v PV 

X — — — ■*■ 



qyVy R v P-Py Ry 



In the particular case of humid air 



Rg x <PPsat 



P-<PPsat 



X = 0,622 1 



VPsax 
P-<PPm 



r ; = 



Mi 

Z m i 
Mi 



Pi = np 



A.4.2.1.3 The mass ratio of vapour, m v , is given by the for- 
mula 



rti\j = 



q y v 



qv v o 



q y vy q y v y + q v v G 1 + x 
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A.4.2.1.4 The volume ratio of vapour, r v , is given by the 
formula 






A.4.2.2 The mean molecular mass of the mixture, M M , is 
determined as follows : 



M M = A/ v r v +M G (1-r v ) = M G + 



VPsat 



<M V -M G ) 



A.4.2.3 The mean gas constant, R M , of the mixture is deter- 
mined as follows : 



R M = mvRv+ll-my) R G = R G 
For the particular case of humid air 






|1+0,607 5 JL. J 



A.4.2.4 The mean molar specific heat is determined as 
indicated in A.4.1.8. 

A.4.2.5 The mean isentropic exponent is determined as 
indicated in A.4.1.10. 

A.4.2.6 The viscosity of a gas-vapour mixture is determined 
in the same manner as for a gas mixture by using the methods 
indicated in annex B. 

A.4.2.7 The volume flow-rate of a gas-vapour mixture can be 
defined in two different ways, according to the contract 
specifications, as given in A.4.2.7. 1 and A.4.2.7.2. 



A.4.2.7. 1 It is defined as the flow, q v , of a gas-vapour 
mixture actually handled by the compressor and resulting 
directly from the flow-rate measurement. 

A.4.2.7.2 It is defined as a flow-rate of dry-gas g VG . 

A.4.2.7.3 These two flow-rates are linked together by the 
following relation: 



Qvg P 

Qv = t™- = Qvg x „ mn 



A.4.2.8 The condensate flow-rate separated in an intercooler 
can be calculated as follows. 

If between stage I and stage II of a compressor the gas is cooled 
such that the relative humidity at the outlet of the intercooler 
becomes greater than 1, a mass flow-rate q m c<i can be 
extracted at this point of the circuit. 

In this case it is assumed that after the extraction of the con- 
densate the gas-vapour mixture is still saturated, i.e. that 
<p = 1. 

The condensate flow-rate is determined as follows: 

QmU = <7mV,l -QmV.U = <JmG <X| ~X&x,\\) 

where 

q mG is the mass flow-rate of dry gas; 

X\ is the humidity content at the inlet of the intercooler, 
determined according to A.4.2.1.2; 

#sat,n ' s tne humidity content of the saturated mixture at 
the outlet conditions of the intercooler. 
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Annex B 

(normative) 

Viscosity of gases and gas mixtures 



B.1 Dynamic viscosity 

B.1.1 Dynamic viscosity at atmospheric pressure 
or at a pressure close to atmospheric pressure 

B. 1.1.1 Pure substances 

Information is contained in [35], [36] and [37]. 

If the dynamic viscosity of a pure substance is to be assessed at 
atmospheric pressure or at a pressure close to atmospheric 
pressure, three methods can be used as follows: 

a) the theory of Chapman — Enskog; 

b) the law of corresponding states; 

c) the method of VDI-Warmeatlas. 

B.1.1. 1.1 The theory of Chapman — Enskog 

As a general rule the equation giving the value of dynamic 
viscosity, ft, expressed in pascal seconds, is as follows: 



fi = 26 693 x 1Q- 3 



MT 



c2Q, 



where 

M is the molar mass, in grams; 

T is the temperature, in kelvins; 

a is the collision diameter, in angstroms; 

S2 V is the reduced integral of collision. 

In the equation above, a and Q v are dependent on the potential 
of interaction of the two molecules present. 

The expressions for potential as given by Lennard — Jones for 
non-polar substances and by Stockmayer for polar substances 
are adopted for the assessment of quantities a and Q v . 

These quantities may also have been determined experimen- 
tally. 

Numerical values for these quantities may be found, for 
instance, in [6] or [38]. 



If none can be found, it is advised for non-polar substances to 
calculate the corresponding values by application of the 
equations in [39] : 



•f£ 



\l/3 



= 2,355 1 - 0,087 at 



- = 0,791 5 + 0,169 3 w 

«Cr 

where 

k is the Boltzmann constant {k = 1,380 5 x 10 7 J/K); 

e is the depth of potential energy minimum; 

a is the collision diameter, in angstroms; 

oi is the acentric factor. 

In the case of polar gases, the calculation made and published 
in [40] can be used. 



In the case of substances for which a and T* = 



kT ( 



Cr 



are not 



given, it is recommended that the following equations be used 
(see [41]): 



/ 1,585 y b \n 



L = 1,18(1 + 1,3 «5 2 >r b 



d = 



1,94 x 103/fg 



where subscript b indicates conditions at boiling point, with fi p 
expressed in debyes 1 ' and V h in cubic centimetres per mole 
gram. 

B.I. 1.1.2 Method of the corresponding states 

In the case of non-polar substances, the following relationships 
have been established (see [43]): 

& = 4,610 r,0.ei8 - 2,04 e- -" 9 T f + 1,94 e- 4 - 068 T r + 0,1 
where 

{ = r Cr " 6 M-"2/>Cr- 2/3 



and 



p Cr is expressed in atmospheres 2 '. 



1) 1 debye = 10 -18 (dyn . cm 4 ) 1/2 

= HT 25 (10 N • m 4 ) V2 

= 3,162 x 10 -25 (N • m 4 ) 1/2 

2) 1 atm = 101 325 Pa 
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The most accurate method is the application of the theory of 
Chapman — Enskog using the reduced integral of collision as 
defined previously. 

In the case of polar substances with or without hydrogen bond- 
ing, the utmost caution is necessary. 



B.1.1.1.3 Method of VDI-Warmeatlas 
See [37]. 

B.I. 1.2 Mixtures 

For mixtures with n components, the kinetic theory of gases 
gives the following equation, neglecting second-order effects: 



*»=x 



/' = 1 



1 + X *«to /J » r1 

7 = 1 



where 

Hi are the viscosities of pure gases; 
H m is the viscosity of the mixture; 
y- t and yj are mole fractions; 

2sfl [1 + M,IMj)] V7 - 



v WW 



0/7 = 



NOTE — Among the various methods for assessing 0^ and fy, that 
given in [44] is currently preferred, even in the case of polar com- 
pounds. However, the error which is usually less than 2 % may 
become very significant if M t is markedly greater than Mj and fi( much 
greater than nj. 

When hydrogen or helium are present in a proportion exceeding 35 % 
by volume, the more accurate, though more complex, method of 
Reichenberg as given in [45] may be considered. 

The diagrams given in figures B.1 and B.2 may be used in 
determining the viscosity of gas mixtures; these diagrams are 
based on the Bromley and Wilke method. 



B.I. 2 Dynamic viscosity at high pressure 



B. 1.2.1 Pure substances 

A diagram in which the effect of pressure is shown has been 
established in [46]. 

For any reduced pressure or temperature it can be determined 
whether the gas is "dilute" or dense (see figure B.3). The 
boundary is such that the required correction is no greater 
than 1 %. 



With regard to the method of the corresponding states, either 
the charts given in [47], or the diagrams given in [48] or in [49], 
or the following equation taken from [50], may be used: 

- m 1 + (1 - 0,45 q) £ __ 

A*o Bp r + (l + Qip,- 1 



where 



Q = 



&8{fi p ) 2 Pc, 



*% 



A = -^- exp a 2 T, ^3 



B-A{fiiT r - fa) 



C= l±-expy 2 T r - r 3 



D = A exp ^7^3 



and 

«, m 1,9824 x10~ 3 

a 2 = 5,268 3 

a 3 = 0,576 7 

A = 1,655 2 

02= 1,276 

y, = 0,131 9 

y 2 = 3,703 5 

y 3 = 79,867 8 

5, * 2.949 6 

d 2 = 2.9190 

<? 3 = 16.6169 

In the formulae above, p p is expressed in debyes, p^, in 
atmospheres and T Cr in keh/ins, which leads to an error of less 
than 10 %. 

The reduced viscosity as recommended in [51] may also be 
used, which leads to p £ = 7,7. 

The result may be obtained rapidly but is unfortunately approxi- 
mate. 

Among the most recent data those published in [37] and [52] 
may be mentioned. 
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,005 0,01 0,02 0,05 0,1 0,2 0,30,4 0,60,81 2 

M,/M k 

Figure B.1 — Diagram for the determination of the viscosity of gas mixtures 
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Figure B.3 — Diagram showing the effect of pressure 
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B.I. 2.2 Mixtures 

Although its accuracy is questionable, the Dean and Stiel 
method is the most frequently recommended : 

b m -ft&) « m = 1,08 [exp (1,439 e rm )-exp<1 ,111 Qj^U 
where 

H m is the viscosity of the mixture at high pressure, in micro^ 
poises 1 '; 

#° is the viscosity of the mixture at low pressure, in 
micropoises"; 

g m is the pseudo-reduced density of the mixture 

firm = fim/fiCrm 

where 

Q m is the density of the mixture, in gram moles per 
cubic centimetre; 

ecrm ' s tr >e pseudo-critical density of the mixture, in gram 
moles per cubic centimetre le Crm = Pcrm'Z Cm RT Cm ); 

Srn Crm m m 'xrm 

the calculation of the mixture pseudo-critical parameter being 
made according to the amended rules of Prausnitz and Gunn, 
i.e. 



Z Crm = 



Term ~ 



ZL y i T C" 



Z^yi'Zoi 



^Crm = £ * Vc « 



Perm ~ 



-Crm A ^Crm 
^Crm 



from which g Cm and <J m may be calculated. 

In the case of non-polar mixtures with low molar masses, the 
accuracy may be within 5 %. 

In the case of non-polar mixtures with high molar masses or of 
polar mixtures, the Dean and Stiel method may still be used but 
with lesser accuracy. 

Another general method is described in [37]. 



B.2 Kinematic viscosity 

The kinematic viscosity of a pure substance or of a mixture is 
determined using the formula 

'-£ 

where 

fi is the dynamic viscosity; 
P 



Q 



ZRT 



1) 1 uP = 10" 7 Pas 
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Annex C 

(normative) 

Conversion factors from non-SI units to SI units 



Measurement 
No. 


Measurement 


Term and symbol for non-SI unit 


SI unit 
symbol 


Multiplication factor 


C.1 


length 


inch, in (") 
foot, ft 
yard, yd 


mm 
m 
m 


25,4 (exact) 
0,304 8 (exact) 
0,914 4 (exact) 


C.2 


speed 


foot per minute, ft/min 


m/s 


0,005 08 (exact) 


C.3 


area 


square inch, in 2 
square foot, ft 2 
square yard, yd 2 


cm 2 
m 2 
m 2 


6,451 6 (exact) 
0,092 90306 (exact) 
0,836 127 


C.4 


volume 


cubic inch, in 3 
cubic foot, ft 3 
cubic yard, yd 3 
gallon, gal (UK) 
gallon, gal (US) 


ml 
dm 3 

m 3 
dm 3 
dm 3 


16,387 064 (exact) 
28,316 8 

0,764 555 

4,546 09 

3,785 41 


C.5 


density 


cubic foot per pound, ft 3 / lb 


m 3 /kg 


0,062 428 


C.6 


flow 


cubic foot per minute, ft 3 /min 


l/s 


0,471 95 


C.7 


mass 


grain, gr 

ounce, oz 

pound, lb 

slug 

hundredweight, cwt (UK) 

ton (UK) 

ton (US) 


mg 

g 
kg 
kg 
kg 
kg 
kg 


64,798 91 (exact) 
28,349 5 
0,453 592 37 (exact) 
14,593 9 
50,802 3 
1 016,05 
907,185 


C.8 


density 


pound per cubic foot, lb /ft 3 


kg/m 3 


16,018 5 


C.9 


force 


kilogram-force, kgf 
pound-force, Ibf 
sthene, st 


N 
N 
N 


9,806 65 (exact) 
4,448 22 
10 3 (exact) 


C.10 


pressure 


bar 

kilogram-force per square metre, kgf/m 2 

Torr (mmHg °C) 

pieze, pz 

pound-force per square inch, Ibf/in 2 

technical atmosphere, at ( = kgf /cm 2 ) 

physical atmosphere, atm 


Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 


10 5 (exact) 

9,806 65 (exact) 

1,333 22 x 10 2 
10 3 (exact) 

6,894 76 x 103 

0,980665x105 (exact) 

1,013 25 x 105 


C.11 


work 


kilowatt-hour, kWh 
kilogram-force metre, kgf-m 
foot pound-force, ft Ibf 


J 
J 
J 


3,6 x 10« (exact) 
9,806 65 (exact) 
1,355 82 


C.12 


quantity 
of heat 


15 °C calories, cal 15 
I.T. calorie, cal, T 
British thermal unit, Btu 
metric horsepower hour, ch-h 
horsepower hour, hp-h 
thermie, th 


J 

J 

J 

MJ 
MJ 
MJ 


4.185 5 (exact) 

4.186 8 (exact) 
1,055 06 x 10 3 

2,647 80 
2,684 52 
4,185 5 


C.13 


internal energy 
density 


British thermal unit per pound, Btu/lb 


kJ/kg 


2,32601 (exact) 


C.14 


internal energy 
volume 


metric horsepower minute per cubic 
metrcch-min/m 3 

horsepower per hundred cubic feet per 
minute, hp/100 cfm 


J/l 
J/l 


44,129 9 
15,800 5 


C.15 


power 


kilogram-force metre per second, kgfm/s 
metric horsepower, ch 
horsepower, hp 
/foot poundal per second, ftpdl/s 


W 
kW 
kW 
W 


9,806 65 (exact) 
0,735 499 
0,745 700 
0,042 140 1 
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Measurement 
No. 


Measurement 


Term and symbol for non-SI unit 


SI unit 
symbol 


Multiplication factor 


C.16 


heat flow 


I.T. kilocalorie per hour, kcal, T /h 
British thermal unit per hour, Btu/h 


W 
W 


1,163 (exact) 
0,293 072 


C.17 


dynamic 
viscosity 


poise, P 

pound-force second per square foot, lbf-s/ft 2 


Pa-s 
Pa-s 


0,1 (exact) 
47,880 3 


C.18 


kinematic 
viscosity 


stokes, St 

square foot per second, ft 2 /s 


rr^/s 
m2/s 


10 ~ 4 (exact) 
0,092 9030 


C.I9 


heat transfer 


I.T. kilocalorie per hour metre kelvin, 

kcal IT /(hm-K) 

British thermal unit per hour square foot 

degree Fahrenheit, Btu/|h-ft 2 °F) 

British thermal unit per hour foot degree 

Fahrenheit, Btu/(hft-°F) 


W/(nvK) 
VW(m-K) 
W/<nvK> 


1,163 (exact) 
0,144 228 
1,730 73 


C.20 


heat transfer 
coefficient 


I.T. kilocalorie per hour square metre kelvin, 

kcal IT /(h-m2-K) 

British thermal unit per hour square foot degree 

Fahrenheit, Btu/(h-ft2°F) 


W/(m2.K) 
W/(m2-K) 


1,163 (exact) 
1,678 25 



C.21 Temperature 

The Celsius temperature t of a system is given by the expres- 
sion 

' = T - T 

where 

T is the absolute thermodynamic temperature, in kelvins; 

r = 273,15 K; 

(in accordance with the International Temperature Scale of 
1968). 

The Fahrenheit temperature / F of a system is given by the 
expression 

h = T n - T 

where 

F R is the thermodynamic temperature, in Rankine 



T = 459,67 °R 

NOTES 

1 °R should not be mistaken for an abbreviation for the abandoned 
degree Reaumur. 

2 1 °R = 5/9 K 



If t in degrees Celsius, f F in degrees Fahrenheit, Tin keivins and 
T R in Rankine degrees refer to one and the same physical state, 
then the numerical values t. t f , T and T R are related by the 
following formulae : 

/ = % U f - 32) 

/ = T - 273,15 

t = 5/s 7- - 273,15 



C.22 Multiples of SI units 

To allow words and symbols of multiples and submultiples of SI 
units to be formed, the following SI prefixes are used. 



Prefix 


Symbol 


Factor 


tera 


T 


1012 


giga 


G 


109 


mega 


M 


10 6 


kilo 


k 


103 


hecto 


h 


102 


deca 


da 


10 


deci 


d 


10-' 


centi 


c 


10-2 


milli 


m 


10-3 


micro 


M 


10-6 


nano 


n 


10-9 


pico 


P 


10-12 
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Annex D 

(normative) 



Similarity of flow 

(Similar velocity triangles) 



D.1 General 



D.I. 1.2 Equal isentropic exponents 



The following theory strictly applies only to uncooled com- 
pressors or to sections of cooled compressors between inter- 
coolers. However, it may be applied to cooled compressors, 
provided that the conditions for similarity of flow are satisfied 
simultaneously in all sections of the compressor. 

The conversion of test results from the test conditions to the 
specified conditions, assuming constant polytropic efficiency, 
is generally only possible when similarity of flow is assured for 
the conversion of a test point to specified conditions, i.e. when 
the following main requirements are fulfilled: 

a) geometrical similarity; 

b) equal isentropic exponents; 

c) equal enthalpy rise coefficients and flow coefficients; 

d) equal Mach numbers; 

e) equal Reynolds numbers. 



The change of state of the medium handled can only be kept 
the same at all points within the compressor under test and 
specified conditions when the isentropic exponents are equal. 



D.I. 1.3 Equal enthalpy rise and flow coefficients and 
equal Mach numbers 

Strict similarity of flow at each point within the compressor can 
only be achieved when the enthalpy rise and flow coefficients 
and the peripheral Mach numbers are equal, i.e. when 



r = 



Ah t 



Ifiu 



The above similarity requirements refer only to flow in the com- 
pressor, and not to any intercoolers which may possibly be fit- 
ted nor to the mechanical losses. Furthermore the heat transfer 
from the compressed medium to the casing of uncooled com- 
pressors, the conduction of heat by the casing and the radi- 
ation of heat by the casing to the surrounding atmosphere are 
not considered. 

For proof of compliance with the guarantee, these factors shall 
be dealt with separately, unless their effect can be shown to be 
small enough to be neglected. 



D.1.1 Essential conditions 



D.1.1.1 Geometrical similarity 

In most cases the machine for which the guarantee is given is 
the same as the one tested, so that the condition of geometrical 
similarity is automatically fulfilled. However, if the tests are 
carried out with a model compressor, strict attention shall be 
paid to the geometrical similarity, including the relative 
roughness of swept surfaces. If the compressor contains 
adjustable means of influencing the flow (for example, variable 
stator or rotor blades), conversion can only be carried out when 
the position of these devices is unchanged. 



Ma H = 



Vwb 



are the same under both test and specified conditions. 

However, it is quite sufficient for two of these three parameters 
to be equal under both test and specified conditions. In that 
case the third is bound to be equal too. From the measuring 
point of view, the simplest and most accurate parameters to 
maintain are the enthalpy rise coefficient, by adjusting the 
discharge pressure of the compressor, and the peripheral Mach 
number, by adjusting the speed or the intake temperature. 

Fulfilment of these conditions then ensures that the Mach 
number and the ratios of density, velocity and temperature at 
any point, as related to a reference point, are the same under 
specified and test conditions. 



If the process of compression is interrupted by one or more 
intercoolers, the equality of the above dimensionless coef- 
ficients shall be fulfilled for each of the groups of stages 
situated between successive coolers. This can be done by 
adjusting the speed and by controlling the intercoolers to pro- 
duce equal temperature ratios on the gas side, under test and 
under specified conditions. 
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D.I. 1.4 Equal Reynolds numbers 

In order that the relative thickness of the boundary layer and 
the flow pattern influenced by it remain the same, the Reynolds 
number and relative roughness shall be the same under 
specified and test conditions. 



In this case the ratio 



(vfk)V(v^) 



Gu 



is equal to the ratio of the peripheral Mach numbers. 



D.1.2 Permissible approximations to the theory of 
similarity 

D. 1.2.1 In most cases all the conditions specified in D.1.1 
cannot be complied with at the same time. Therefore, equality 
of those parameters which are only of secondary importance is 
dispensed with, the magnitude of their influence on the 
efficiency having been established under test and specified 
conditions. 



D. 1.2.2 The influence of the Reynolds number on efficiency 
is relatively larger at low values of Reynolds number and smaller 
at higher values. 

The influence of a deviation in the test Reynolds number from 
the specified conditions is taken into account by an appropriate 
correction method which shall be used in a certain range of ap- 
plication (see 7.3.3). 

D. 1.2.3 The stipulation of equality for the enthalpy rise and 
flow coefficients and for the Mach numbers and isentropic 
exponents can generally be complied with merely by maintain- 
ing equality of the flow coefficients ^ Te = 4>g<j, provided that 
the deviation of the isentropic exponent k or the polytropic 

N 
exponent n and the factor 



do not exceed the limits 



given in figures D.3 and D.4. 

These limits are specified in such a manner that when 
01Te = ^1Gu. or 



\D?uJUe \D2uJ-\ Gu 



the velocity relationship and thus the volume flow relationships 
in the compressor may differ up to a certain percentage during 
the test, and under the conditions on which the guarantees are 
based, without the efficiency ^ p0 | (uncooled compressors) or 
rjj (cooled compressors) and the work input coefficients being 
noticeably affected. 

The above limits are based on the fact that the maximum devi- 
ation of the ratio of volume rate of flows {Qy iX /Qyj) at any 
point within the compressor is not more than 1 % (inner 
tolerance limit) or 2,5 % or 5 % (outer tolerance limits for com- 
pressors with steep or flat characteristic respectively). 



D. 1.2.4 When /c Te = /c Gu , the largest variations in volume 
flow always occur at the end of the compression process. Con- 
sequently the permissible deviation is defined in respect to the 
ratio Qy x /gy,t (outlet to inlet) and can be represented through 

N 
the permissible deviation of — (see figure D.3). 



y/ZyRT^ 



0.1.2.5 When k Ts * k Gu , the requirement of equal ratio of 
volume rate of flows can only be fulfilled approximately, 
because the maximum difference in volume flows may occur 
somewhere inside the compressor, the change of state follow- 
ing a different course. 

A series of calculations has been made in which the limiting 
values of the ratio of reduced speeds N t have been established 
for the variation in the ratio of volume rate of flow not to 
exceed limits of 1 %, 2,5 % and 5 %. The results of these 
calculations for various polytropic exponents and various 
pressure ratios are presented in figure D.4. 

When the isentropic exponents differ, the equal peripheral 
Mach numbers no longer lead to an equal ratio of volume rate 
of flows ; they are therefore abandoned, except for cases where 
the performance may be directly affected by the local Mach 
number. 



D. 1.2.6 If the test conditions extend beyond the inner 
tolerance limit, an additional uncertainty will be introduced (see 
figure D.2) for the conversion to specified conditions. 

If the outer tolerance limit is still not sufficient, it will be 
necessary to check whether there is any point in carrying out 
the test under such circumstances. At any rate a higher ad- 
ditional uncertainty shall then be agreed for the conversion. 

In the case of compressors operating with local velocities close 
to the velocity of sound, it is necessary to check whether the 
deviation of Mach numbers on test from those at specified con- 
ditions is still permissible. 

For this of course the local Mach number (ratio of local velocity 
of flow to local velocity of sound) shall be taken into account 
instead of the peripheral Mach number. 

Kor cooled compressors it may be necessary to check the limits 
of tolerance for the conversion separately for the cooled and 
the uncooled sections. 



D.2 Additional uncertainties resulting from 
deviations in the ratio of volume flows 

Under test conditions the ratio of volume flows {qyxx/Qyxihe 
may differ from the specified value (gyx2^v,t,^Gu Dv U P t0 
1 % without any additional uncertainty being applicable to the 
result of the conversion to specified conditions (inner tolerance 
limit, see D. 1.2.3). 
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If the conditions of the test do not allow the ratio of reduced 



*-l-*—\ It N \ 
\y/ZtfTu) r J\y/ZiRT Xi il 



Gu 

to be chosen within the inner tolerance limit (see figures D.3 
and D.4), an additional uncertainty shall be applied to account 
for the inaccuracies introduced when converting to specified 
conditions. 

This additional uncertainty is determined as follows. 



For the given pressure ratio and polytropic exponents n^je 
and «m,gu' reac ' tne u PP er and lower limits for the admissible 
ratio of reduced speeds N T from the corresponding charts in 
clause D.3, at the inner and outer tolerance limits. When the 
characteristic curve is flat (see 7.3.2), allowing a deviation of 
5 % in the ratio of volume flows at the outer tolerance limit, the 
admissible values of N r should be determined for the three tol- 
erance limits ± 1 %, ± 2,5 % and ± 5 %. These values are 
plotted on a diagram as shown in figure D.1. This diagram, 
which has to be drawn for each occasion, gives the deviation 
AK r from the specified ratio of volume flows corresponding to 
the test value of N r 




NOTE — With the value of AK r obtained, the additional uncertainty, T 8dj , on the volume flow, energy consumption and pressure ratio can be taken 
from figure D.2. 

Figure D.1 — Deviation, A f r , as a function of N r 




*V r ,% 



Figure D.2 — Additional uncertainty, r^ 
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D.3 Permissible limits for the conversion from test to guarantee conditions 

NOTE — When test conditions are such that the range of the diagrams in figures D.4 and D.5 is exceeded, use the flow charts in figures D.6 and D.7 
to calculate N T tol . 

Figures D.3 and D.4 are taken from [53]. 

Reynolds number corrections are not incorporated in figures D.3 and D.4. 
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upper limit 
lower limit 




M,6u 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (*ct e * *gJ 
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upper limit 
lower limit 




M,Gu 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (/c Te * k Gu ) {continued) 
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upper limit 
lower limit 




M.Gu 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (#c Te * k Gu ) (continued) 
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upper limit 
lower limit 




M,Gu 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k t „ *■ kq u ) {continued) 
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upper limit 
lower limit 




Ifi 2,0 2,2 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (/c Te * k Gu ) (continued) 
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upper limit 
lower limit 




M,6u 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k Ts * k Gu ) {continued) 
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upper limit 
lower limit 




Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (/c Te *= k Gu ) {continued) 
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upper limit 
lower limit 




Figure D.4 — Permissible limits for the conversion from test to guarantee conditions U Te * kqJ {continued) 
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upper limit 
lower limit 




0,6 l ' 'III 
1,0 1,2 



M.Gu 



Figure D.4 - Permissible limits for the conversion from test to guarantee conditions («r Te * k Gu ) (continued) 
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upper limit 
lower limit 




^M.Gu 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions <* Te * k Gu ) {continued) 
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upper limit 
lower limit 




M.Gu 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (/c Te * k Gu ) {continued) 
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upper limit 
lower limit 




M,Gu 
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Figure D.4 - Permissible limits for the conversion from test to guarantee conditions 0t Te * k Gu ) {continued) 
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upper limit 
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Figure D.4 - Permissible limits for the conversion from test to guarantee conditions (/c Te * k Gu ) {continued) 
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upper limit 
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Figure D.4 - Permissible limits for the conversion from test to guarantee conditions (« Te * /e 6u ) (continued) 
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upper limit 
lower limit 




M,Gu 
Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (*c Te * kq^) {continued) 
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions 0c Te *■ k g J {continued) 
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upper limit 
lower limit 




M,6u 



Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (/c Te * k Gu ) {continued) 
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Figure 0-4 - Permissible limits for the conversion from test to guarantee conditions (fc Te * k Gu ) (concluded) 
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D.4 Permissible deviation of the peripheral Reynolds number 

Figure D.5 (taken from [54]} shows the permissible deviations in the peripheral Reynolds number of centrifugal compressors for the 
application of the correction method (see annex E). 




0,01 
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Limit of 
application 




10 : 
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10- 



10 ( 



10 
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Guarantee Reynolds number Re uGu = 



ub 



V t.1,Gu 



Figure D.5 — Allowable range of application of the correction method 
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D.5 Determination of settings 

D.5.1 Input values for flow charts in figures D.6 
and D.7 

D.5.1. 1 General 

Unless otherwise agreed between manufacturer and customer 
all pressures and temperatures refer to total conditions (see 
6.1.1.3). 

NOTE — For simplicity, the subscript t has been omitted when refer- 
ring to total pressures and temperatures in figures D.6 to D.11. 

b is the rotor reference outlet tip width. 

A V r x to | is the permissible deviation of the ratio of the 
volume rates of flow from 1 . 



Additional input for real gases: 






f(Re u g u ) (for centrifugal compressors) (see 



figure D.5), or any other agreement between manufacturer and 
customer. 



For real gases, 

X = f[p f ,T r ) compressibility function 
Y = f(p r , T r ) compressibility function 

(See clause A.3.) 

Reynolds number corrections are not incorporated in the flow 
charts and formulae. 



D.5.1.2 


Test data 


At compressor inlet: 


A,1,Te 


pressure 


^,1,Te 


temperature 


*i,Te 


isentropic exponent 


^Te 


gas constant 


Pi, To 


relative humidity 



Mj e = HPre> ^Te' dynamic viscosity 

N^ax maximum adjustable speed 

N^n minimum adjustable speed 

For stages following intercoolers : 

T t t Te temperature at stage inlet 



PCr.Te 


critical pressure of test gas 


^Cr.Te 


critical temperature of test gas 


and, if available, 




Z Je = f(p,T) 


compressibility factor 


YM.Te I 


compressibility functions 


*Te = /if. T) 


isentropic exponent 


D. 5.1.3 Specified values 


Input for all stage 


groups: 


A,1,Gu 


inlet pressure 


't, 1, Gu 


inlet temperature 


Pt,2,Gu 


discharge pressure 


^t.^Gu 


discharge temperature 


K 1,Gu 


isentropic exponent at inlet conditions 


«»1.Gu 


relative humidity, inlet conditions 


R Gu 


gas constant 


^Gu 


speed 



Additional input for real gases: 



'M,Gu 



*M,Gu 



^M.Gu 


km. 


Gu 


or 




PCr 


,Gu 


T C r 


.Gu 



compressibility factor 
compressibility functions 
isentropic exponent 

critical pressure of specified gas 
critical temperature of specified gas 



D.5.2 Perfect or near-perfect gases 

NOTE — See table 2 for suggested limits within which the gas may be 
considered to be near perfect. 



D.5. 2.1 Test gas 

The compressibility factor Z-| Te = Z 2Te = 1. 
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Determination Of the Settings .' Perfect and near-perfect gases 



Start; 



Read input list 



Compressor to be 
defined as one unit IT 



I 



to be treated for 
each defined unit [7 



Input tempTifeof unit to Li 
be taken from input 
list or calculated from 
outlet temp.of preced.unit 



£ 



^K^log 



JD 



_E 



Npy Does unit include ft yes 
\ » 



inter coolers? |T 



>" 



put 



mi 



K-Kift 



fesJ Isentropic exponent KNo 



Unless otherwise agreed all pressures 
and temperatures refer to total cond-.p-p. 



P ut: M&P* : fc(f L T * I5T 



V^'fr-I |T 



/"V 



fwlSK 



/P2\Qll 



From input data |j 



No 



RlVcpVcpa! 



<0,01 



B 



Wes 



carcj* 



>^JsK-Rp.T)l<nownfor Lllrt"^"^ 
^ the particular test gas? H ***i<' 1 



putl^-K, 



Zalculate 




*tffef 1*1 



^8 



Yes^ Polytrop exp. ^n 



|ry 1^0,002^ 



Nrr, 



(WVr,. 



"s" 1 Pi I rt, 



-& 



if^J 



^ 






Expected pressure ratio r^-t 
■Pit 






ire ratio n^n^ 



" N °/1 ypzi/Pg 



<0,01?J\*s_ 



»" 



o_ 



- mi 




ik' 



1^1 
iPLfiu lL 



ryl 



^■ieL ^ 



n^ 



^1 



\ IP'falPliGu / 



!P,i 



riGu 



L i 1+ iEJfe_lI 



(Pxin&j 



IBI^ 



Vr2' 



ry-1 

p?> n^ . 

.Pi feu 



1 
"FyT 



Jfca. 



frE>>V|^, 01 l?^- 



^i^i^ f ^l^ iP 



r^VrE,<1-|jV^i|^^ 



No 



V^byj^l Increase^ 



_NQi 



^v^H^r^^- 



r^ 



z 



R» uGj with ^■fl^.pi^.Z,]^ 
*,* with * ttb -f|\.p v R t ) 







Calculate for every section 
following directly an interocder 
which is part of the unit 

t ' T '« \ T 



T jMl T 



and so on 



Calculate j&4 and compare w|§SHi.) . ^ 






Yes, 



No/ Has the calculation beerAYes 
\|done for all units ? |«|/ 



Is it possible to maintain during 
the test the calculated speeds 
and inlet temperatures 
of the units ? K 



lNq 



FYint data for 
execution of test 



End 



Yes / Is it techn. possible to M. 
\ further subdivide the unit ? 



Choose new subdivision 

based on input list [<8 
and preceding calculation 



Print a statement that the compressor 
cannot be tested according to ISO 5389 
dueto the given test conditions and the 
tecrm. possible subdivisions. ^ 



No 



6 

End 



NOTE — The isentropic exponent k is represented as K in this figure. 

Figure D.6 — Flow chart for the determination of settings in the case of perfect and near-perfect gases 
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Start o- 



Read inout list 



H 



Determination of the settings : Real gases 

Input tempT^d unit to LL 
be taken from input 
list or calculated from 



Compressor to be 



defined asone unit \? 



To be treated for 



each defined unit [J 



outlet temp.of preced.unit 



Jia, 



_c 



Does unit include 



Ofes_ 



K-l/w, f. togffe/Tit. x 

.'K-V1M m! leg I P?/ Pi) M 



inter coolers? fiy ^,, e r ' M ^a^ 

" 1 IK^KrJ<0,0l CT 



put 



(ISHRL. 



Unless otherwise agreed all pressures 
and temperatures refer to total oond: p-p t 



Compressibility 
factor 

3> -F |pneJ"r) 



r 



m ' Cpl,fe \WV 



JT 



P2W 



tK 



ja 



T 2Te" T 1> 



.Pi I 



From input data : 1 



No ^slZ 2fc -Z, t l<0,01 respM.!^ 
~ All[R[1A:pf1fep2)kl<0,01 1 / 



l_b.ZESfc 

r*^ 2 fir 



** 2 ^ 



-IS] 



put 
"Yn;ml1*X B 



(i^Xwr,, 







From input data : 
Xifci 



[p%.\)S'fM») 



*mH 



v . Wfefc 

\2 [» 



„.g*v± +x 



^K-H<o.°V 



,>es 



^Jpi^pi£_jgy 



Expected pressure ratio m-.L nfe 



put 



mi 



j» 



/EiL 
IPik 



^. 



^i'v^l^-i 



no. 



j 4<»bia!1 BL 




*&— i 



m 



nsu 



rxsu-1 
r&j 



ryi rid 



-^y^L^ 



Rl^i 



1 



[33" 



r^^j^J?^- 



- V^yl^l^ H^ 




pte |/r E ,<1-|jV^i?^ 



&> 



Vrjbyf 



^ I Increase. 

100 ' T* 



Ite ^^Uv^l ^ 



O 




1 . 

ReuPu with ^-fll^p^.Zs^] 
Rtufc with ^■flVP'fe'^ 2 ™^ 

■^^andcomparewm,^ 



Calculate for every section 
following directly an intercede 
which is part of the unit 






and so on 



jar 



Yes. 



Jto^ Has the calculation beenAYes 
\|done for all units ? [ZaV 



Is it possible to maintain during 
the test the calculated speeds 
and inlet temperatures 
of the units ? [47 



I No 



Print data for 
execution of test 



1 



I 



Yesd tsit techn. possible to UliX 
~^^ further subdivide the unit ? y 



Choose new subdivision 

based on input list (a. 
and preceding calculation 



Print a statement that the compressor 
cannot be tested according to ISO 5389 
due to the given test conditions and the 
techn. possible subdivisions. ■ |sT 



T 

End 



No 
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NOTE — The isentropic exponent k is represented as K in this figure. 

Figure D.7 — Flow chart for the determination of settings in the case of real gases 
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In many cases the isentropic exponent can be considered to be 
constant, i.e. 

*Te =' *1,Te = *2,Te 

The settings may be determined by following the flow chart 
given in figure D.6. 



D. 5.2.2 Specified gas 

If the specified gas is a perfect or near-perfect gas and the 
discharge temperature 7£ Gu is not specified, the polytropic 
efficiency can be calculated from the internal power figure 
according to the following equation: 



_(/c-1) MGu 
"pol, Gu x 



iog(p 2 ^i>Gu 



*M,Gu |Q r + (P2^1>Gu l, *- 1)/ * l M.G"-1 



>7s,Gu 

where // s Gu is the isentropic efficiency given by the formula 

Qm, ut "/«, s I 



^s.Gu - 



Gu 



The above applies to step 6 in the flow chart given in 
figure D.6. 



D.5.3 Real gases 

The test gas is a real gas. 

The settings may be determined by following the flow chart 
given in figure D.7. 

D.6 Conversion to guarantee conditions for 
uncooled compressors 

Reynolds number corrections are not incorporated in the for- 
mulae. 

D.6.1 Perfect or near-perfect gases 

The conversion formulae are given in figure D.8. 

NOTE — See table 2 for suggested limits within which the gas may be 
considered to be near perfect. 

D.6.2 Real gases 

The conversion method in figure D.9 is used for Schultz's 
method of polytropic analysis (see [1]). 

The same formulae apply when gas properties are determined 
from tables and/or charts and equations of state rather than 
from generalized compressibility functions as given in annex A. 
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Test values 



O 



Gu 



'Gu 



r M,Te 



Te 



\r~\> — < > 



N 



Te 



Ovl. 



1 



T« 



Te 



Te 



Te 



t» g> ^* 



HI 



0|»» 



Vp,A. 

IE 



Pin 



Tt 






HJ 






V Pi / Te 



In 



in 



I 



L C »M-Mft) 



4- t 



Te 



(~) C o = (n-WTtl K ) T eVK-lJ 



Gu 



Pi I 



Te 



HvlT -Ui«Ti /Te 




"v1 Co = 1v1 



/N Gu \ 

T.lN Te y 



p (zTrttJgu /N G uV 



+ Qa.Co +P L,Co 



NOTES 

1 Unless otherwise agreed all pressures and temperatures refer to total conditions (p = p x and T = T t ). 

2 The isentropic exponent k is represented as K in this figure. 

Figure D.8 — Conversion of test results for perfect or near-perfect gases in the case of uncooled compressors 
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Test values 






"ut.T. 



-J— 



U,U 



2..T. 



'2,Tt 



Pl.T. 



P 2.W 



. ,TT 



'Gu 



'M.Gu 



J 



P,T '(z^)t, 






Vp,A. 



1 I 



'M.Te 



n 



r M.Tt 



'Tt" 



'"(T2/T,) T . 
'"(Pj' P|)t. 

TZ 



( i TJ i ) T .-<-VT.-»T.C-*» W J 






" P M.Ou 



■I.Gu 



H 1 



=113 



^mpol.Te 1 ' 



r?r *.»'. 



&K' 



n-l ,1 

r 
i 



I.Gu 



1 t 



,, "• t, ( m C P M )f.(« ^Z,^ 



Wm poi,co" w mpoi.T« ■ v~n777 



""•(^fl.(w.-"-) 



q »i.c."«'»i 



■T»AN T J 



Pi, 



Gu 



I 



V*r) c . " , -VG u -' n Co('^M.G u ) 






V » /co Wm P0l.Co BStI 



Ur"»-T,) 6u 



"CD 



P mCo . Pi.o--"'t,c T -W"p.ic 

Ipol.Tt tt Co L.' 



NOTE - Unless otherwise agreed all pressures and temperatures refer to total conditions (p = p t and T = T). 

Figure D.9 - Conversion of test results for real gases in the-eas*of tincooletf-compressors 
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D.7 Conversion to guarantee conditions in 
the case of cooled compressors 

D.7.1 Perfect or near-perfect gases 

NOTE — See table 2 for suggested limits within which the gas may be 
considered to be near perfect. 

D.7.1.1 For cooled compressors according to 8.2.4.1, where 
the ratio of the gas inlet temperature of the stages or stage 
groups following intercoolers to the inlet temperature of the 
compressor is the same under test and guarantee conditions, 
the conversion formulae are given in figure D.10. 



D.7.1.2 For cooled compressors according to 8.2.4.2, where 
the ratio of the gas inlet temperature of the stages or stage 
groups following intercoolers to the inlet temperature of the 
compressor is different under test and guarantee conditions, 
the conversion formulae are given in figure D.11. 

D.7.2 Real gases 

In accordance with 3.5.3.8, the compressor sections between 
intercoolers must be converted separately (see clause D.6) and 
the results combined. 

For this combination, figure D.11 may be used where ap- 
plicable (steps 14, 15 and 16). 
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NOTE — Unless otherwise agreed all pressures and temperatures refer to total conditions (p = p, and T - T t ). 

Figure D.10 - Conversion of test results for perfect or near-perfect gases in the case of compressors cooled 

in accordance with 8.2.4.1 (see D.7.1.1) 
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NOTES 

1 Unless otherwise agreed all pressures and temperatures refer to total conditions (p = p x and T = T). 

2 The isentropic exponent k is represented as K in this figure. 

Figure D.11 - Conversion of test results for perfect or near-perfect gases in the case of compressors cooled in accordance 

with 8.2.4.2 (see D.7.1.2) 
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Annex E 

(normative) 

Correction method for the influence of the Reynolds number 
on the performance of centrifugal compressors 

(according to the International Compressed Air and Allied Machinery Committee) 



E.O Introduction 

The method provides formulae for the efficiency, specific com- 
pression work and flow corrections necessitated by differences 
in Reynolds number between the workshop test conditions and 
the guarantee conditions. 

The total losses are divided into two portions. In the region of 
the best efficiency point, the portion of the losses independent 
of the Reynolds number is represented by a constant fraction of 
0,3. The losses due to friction are assumed to be dependent on 
a representative value of the friction coefficient A according to 
the Moody diagram for pipe friction. The representative value 
of A is related to a reference Reynolds number and to a 
reference relative roughness of the compressor. These correc- 
tions can be applied in an allowable range, taking into account 
the inherent limitations for accurate testing at low Reynolds 
numbers. 

The method is the result of an investigation of a Working Group 
of the Process Compressor Sub-committee of the International 
Compressed Air and Allied Machinery Committee (ICAAMC), 
issued on June 25, 1984. A brief description of the application 
of this method is given herein. 

The correction method applies only to the internal hydraulic 
losses and, therefore, balancing piston losses and mechanical 
losses must be accounted for separately. 



E.1 Definitions 

For the purposes of this annex, the following definitions apply. 

E.1.1 Reynolds number Re: A dimensionless parameter 
expressing the ratio between the inertia and the viscous forces 
in a liquid. In this International Standard, the representative 



value of the peripheral Reynolds number for the first stage of a 
stage group is given by 



Re„ = 



ub 



. (E.D 



where v t j is the kinematic viscosity at the inlet total condition. 

In multistage compressors, the representative value of the 
Reynolds number of the first stage is taken to represent each 
stage group. 

E.1.2 roughness R a ; centre-line average (CLA) /GB/; 
arithmetical average (AA) /USA/ : Roughness average f.c^ 
the centre-line of the peaks. It is given by 



*.-K 



y\dx 



(E.2) 



The reference roughness R a is the average roughness for the 
impeller and its diffusor and can be either measured or taken 
from the manufacturer's drawing (with agreement between 
manufacturer and customer). The roughness values are 
measured inside the impeller on one blade, on the disc and on 
the shroud near the outer diameter. The values for the diffusor 
are measured on the side walls and in the middle of one blade 
near the inlet diameter. 

The representative relative roughness of the stage is given by 

b 

In multistage compressors, the representative value of the 
relative roughness of the first stage is taken to represent each 
stage group. 
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E.2 Symbols and subscripts 



Table E.1 — Symbols 



Symbols 


SI unit symbol 


Definitions and observations 


b 


m 


Outlet width of the first impeller of the stage group 


D 


m 


Outlet diameter of the first impeller of the stage group 


e 


m 


Deviation of the surface from the line of the mean sur- 
face height 


A A, 


J/kg 


Enthalpy rise of the stage group 


/ 


m 


Length of the line of the mean surface 


^,t,1 


m 3 /s 


Inlet volume rate of flow of the stage group 


*a 


m 


Average roughness 


u 


m/s 


Peripheral velocity at reference diameter, i.e. the outlet 
diameter of the first impeller of the stage group 


"Vpol 


J/kg 


Polytropic specific compression work of the stage group 


r = a v 2 


dimensionless 


Work input coefficient of the stage group 


fpol 


dimensionless 


Polytropic efficiency of the stage group 


/i 


dimensionless 


Pipe flow friction factor 


v t,i 


m2/s 


Kinematic viscosity at the inlet total condition 


* = ^v,t,i/< D2 "l 


dimensionless 


Flow coefficient of the stage group 


Vl = W m. pol/" 2 


dimensionless 


Polytropic work coefficient of the stage group 



Table E.2 — Subscripts 



Subscripts 


Definitions 


Gu 


Guarantee conditions 


Te 


Test conditions 


00 


At Reynolds number tending to infinity 



E.3 Formula for efficiency correction 

The formula for efficiency correction in the region of the best 
efficiency point is given by 



1 ~ r/poi-Gu = 0,3 + 0,7A Gu /A. 
1-fpolJe 0,3 + 0,7 A Te M. 



(E.3) 



For calculation of the A values, the following generally 
accepted equations are used : 



from von Karman 
1 



= 1.74-2log 10 



W 



for guarantee conditions, from Colebrook, 

>Mgu \ ««u,GuV^i/ 



(E.4) 



(E.5I 



for test conditions, from Colebrook, 
1 



.-.* o ■ L *a 18,7 \ 

— = 1,74 - 2log 10 2-jf- + — 1 • - 

lie \ ° Ke u , Te VAre/ 



{E.6> 



For rough estimations, the Moody diagram (figure E.1) can be 
used. 



E.4 Formulae for specific compression work, 
work input and flow correction 

There is a definite increase in both work coefficient and flow 
coefficient with an increase in Reynolds number. 

In the neighbourhood of the test efficiency point, roughly half 
the increase in the efficiency appears as an increase in specific 
compression work, and this leads to the following formula : 



^^ = 0,5 + 0,5^!^ 
"*pol,Te fpol.Ta 



. . . (E.7) 
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With a knowledge of the efficiency and work coefficient correc- 
tions, the correction for the work input can be calculated from 
the relationship /]„ = V^lpoU which gives the following 
formula : 



JjGu 

/t. 



0,5 + 0,5 



*?pol,Te 
'/pol.Gu 



(E.8) 



The change in flow with increasing Reynolds number can be 
approximated by 



*Gu = / y p oi,Gu \ 

#Te \VpoUa) 



1/2 



. (E.9) 



b) From this, the ratio fpoi,GiApoi,Te is found. 

c) Equation (E.7) is used to calculate the ratio 
VpoiGu/VpoUe, equation (E.9) to calculate the ratio 
#Gi/*Te' and equation (E.8) to calculate the ratio r Gu /7> e 
at the best efficiency point. 

d) The ratios tfpol.Gi/fpol.Te' ^pol.Gu/ ''polje' and ^Gi/^Te 

calculated at the best efficiency point are taken to be the 
same at all points of the measured test characteristic. 

e) The measured test points are now converted to the cor- 
rected characteristic using these fixed ratios [d)]. 



E.5 Application of formulae to test data 

The equations given in clause E.4 define the influence of the 
change in the best efficiency point on the performance 
characteristics. The change in other points can then be 
calculated by noting that the shape of the characteristic curve 
remains essentially the same. 

The full correction procedure is illustrated in figure E.2 and is 
summarized below. 

a) At the best efficiency point on the test characteristic the 
ratio 

1 ~ fpol.Te 
is calculated according to equation (E.3). 



E.6 Allowable range 

The range of application of the correction formulae and the 
selection of a suitable test Reynolds number are influenced by 
two factors, i.e. 

— the accuracy of the correction formulae at different 
Reynolds numbers, 

— the reliability of tests carried out at reduced suction 
pressures or low driving power. 



The limit of application of the ICAAMC formula is shown in 
figure D.5. 



$ 




(0(0 



N 



Figure E.I — Friction factor for turbulent flow in rough pipes 
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Work input 
coefficient ratio 1 



Reference polytropic 
work coefficient ratio 1 
Vpd.Gu/lPpolJe 



Efficiency ratio - 
TpolWpol.Te I 



Equation (E.8) 




Flow ratio *i,Gu^*1,Te 



Figure E.2 — Illustration of correction procedure 
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Annex F 

(informative) 

Examples 



F.O Introduction 

F.0.1 General 

This annex gives examples to demonstrate the determination of 
test settings and the conversion of test results to guarantee 
conditions in typical cases. 

NOTE — The examples given in this annex do not incorporate the 
Reynolds number corrections because the ICAAMC method was not 
available at the time when the examples were incorporated in this Inter- 
national Standard. 

F.0.2 Test conditions 

Table F.1 summarizes the test conditions covered by the dif- 
ferent examples regarding gas properties (perfect gas or real 
gas) and the approximation to strict similarity of flow. 

F.0.3 Computation of specific compression work 

In all examples the specific compression work is computed on 
the basis of total pressures and temperatures. The velocity 
heads at the standard inlet and discharge points therefore do 
not appear as a separate term, which is the case when the com- 
putation is carried out according to the correct formulae based 
on static pressures and temperatures (see 3.4). 

This method of calculation gives sufficient accuracy, because 
the gas velocity in the inlet and discharge nozzles of turbocom- 
pressors is usually low {Ma < 0,2). 

In order to verify the validity of this approximation, examples 1 
and 4 have also been calculated using the correct method Of 



accounting separately for the dynamic pressure. The following 
comparison of the results indicates the magnitude of the error 
introduced and shows that the approximation in these two par- 
ticular cases is acceptable. 



Approximate method 

.2 



Correct method 



W 



_, = j [v dp), 



W, 



m,X 



w m + 



CS - c. 



Example 1: 

Converted internal power at guaranteed pressure ratio: 
Approximate method Correct method 

320,4 kW 320,5 kW 

NOTE 1 — Local Mach numbers at inlet and discharge are 0,043 and 
0,071 respectively. 

Example 4: 

Converted internal power at guaranteed pressure ratio : 
Approximate method Correct method 

7 993,3 kW 7 992,8 kW 

NOTE 2 — Local Mach numbers at inlet and discharge are 0,058 and 
0,119 respectively. 

F.0.4 Accuracy of computation 

Re-calculation of the numerical results of the examples may 
reveal differences in the last digits depending on the accuracy 
and storage capacity of the computer used. 



Table F.1 — Synopsis of test conditions 



Test conditions 


1 


2 


Exai 
3 


nple 

4 


5 


6 


strict 


X 






X 






approximate 




X 


X 




X 


X 


Te = K Gu 


X 


X 




X 


X 




..._..._, . K Te * *Gu 






X 






X 


constant 


X 


X 


X 


X 


X 




not constant 












X 


constant = 1 


X 


X 


X 


X 


X 




not constant 










/ 


X 


,. air 


X 


X 


X 


X 


X 




gas mixture 












X 


adjustable 


X 








X 


X 


bpeea 

not adjustable 




X 


X 


X 






no 


X 


X 


X 








Intercooling 

yes 








X 


X 


X 
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F.1 Example 1 — Uncooled turbocompressor, 
isentropic exponent /c Te = /c Gu # speed 
adjustable 

F.1.1 General 

The conditions at the inlet on test deviate from the guarantee 
conditions. The same peripheral Mach number as given in the 
guarantee conditions can be achieved by changing the speed. 

The guarantee conditions, guaranteed performance and other 
design values are given in tables F.2 to F.4. 



F.I. 2 Purpose of tests 

The purpose of the tests is to prove the guaranteed power re- 
quirement for the guarantee point. 



F.1.3 Design of installation 

The installation consists of a three-stage turbocompressor for a 
biatomic gas mixture, driven by a back-pressure turbine. 



Table F.2 — Guarantee conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Inlet pressure (total) 

Inlet temperature (total) 

Gas constant 

Isentropic exponent 

(Gas mixture, perfect gas Zq u = 1) 

Kinematic viscosity 


^t,1,Gu 
't.l.Gu 
*Gu 
*Gu 

v 1,Gu 


0,952 4 
30,16 
764,9 
1,4 

3,27x10-5 


bar 
°C 
N-m/(kg-K) 

m2/s 



Table F.3 — Guaranteed performance 



Designation 


Symbol 


Numerical 
value 


Unit 


Volumetric flow at inlet 

Discharge pressure 

Specific power requirement at compressor coupling 


«K,t,1,Gu 

Pt,2,Gu 

'e.Gu 
tfK,t,Gu 


9,715 
1,220 3 
0,009 297 


nv'/s 

bar 

kWh/m3 



Table F.4 — Other design values 



Designation 


Symbol 


Numerical 
value 


Unit 


Compressor speed (due to variable-speed drive not 
guaranteed) 1 ' 


"Gu 


4 700 


r/min 


Outside diameter of Stage 1 impeller 


D, 


0,9 


m 


Cross-section of inlet nozzle 21 


Ay 


0,39 


m 2 


Cross-section of discharge nozzle 21 


A 2 


0,192 8 


m 2 


1) The subscript Gu designates the design speed. 








2) It is important that these flow cross-sections be given b 
(Thus the static and dynamic components of the pressure! 


ecause of low pr 
i can be determi 


essure increase i 
ned.) 


n this instance. 
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F.1. 4 Test set-up 

Since it is impossible to test the machine set with gas on site, 
the tests are carried out on the supplier's test bed using air, the 
compressor being driven by a variable-speed cradled electric 
dynamometer, in such a way that the compressor shaft torque 
can be measured directly. 

The test set-up is illustrated in figure F.1, and the test con- 
ditions are given in table F.5. 

F.1.5 Setting conditions 

The test conditions are set to achieve flow similarity in accord- 
ance with 8.2.3.2, i.e. 



/V r = 



\y/RZiT l T , 



= 1 



,™m/ 289,3x301 ,31 .„-,,.. 

N Te = 4 700 V ; — = 2 881 r/min 

1 u 764,9 x 303,31 



Since figure F.1 is not required in fulfilling this condition, 
fpoi.Gu ar, d ^Gu do not nee ^ to De calculated. 



Cradled electric 
dynamometer 

OBoth cradled frames 
mechanically interlocked 



e 



<~KT) 




Ap 




Figure F.1 — Test set-up for example 1 



Table F.5 — Test conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Isentropic exponent (air) 

Mean inlet temperature 

Gas constant 

Test gas assumed perfect, therefore Zj e - 1 




1,4 

28,16 
289,30 


°C 
N-m/|kg-K) 
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Alternatively the settings could be determined as follows by 
using the flow chart given in figure D.6. The calculation 
sequence is as follows (the numbers given are those 
designating individual boxes in the flow chart) : 



1-2-3-4-5-6-7-8 
13-21-22-23-24 



10-11-12- 



Since strict similarity can be guaranteed here with «r Te = /c Gu 
and with variable speed, AV r tol = is inserted into 23. 

A check as to whether the assumption made in 7 is true is 
carried out in 25 — 26. 



Since in this particular case Z and c p do not vary within the 
machine, the condition of 26 is fulfilled. 

Pass 43 — 44 (see the note to F.0.1). 

A check as to whether the setting conditions determined can 
be maintained in the test is made in 45. Since this is the case in 
this instance, the calculation ends with 46 — 47. 

The test was carried out maintaining the above test conditions. 



F.1.6 Test results and conversion 

See tables F.6 to F.8. 



Table F.6 — Test results 



Designation 


Symbol 


Numerical 
value 


Unit 


Test number 


— 


1 


— 


Date of test 


- 


1964-09-28 


— 


Time of test 


- 


12,50 


h 


Atmospheric pressure 


Pa 


1,013 


bar 


Gas constant 


R Te 


289,30 


Nm/(kgK) 


Speed 


*Te 


2 881 


r/min 


Mass flow"' 


1m. Tt 


6,752 78 


kg/s 


Inlet pressure (total) 


^t,1,Te 


1,00 


bar 


Inlet temperature (total) 


't,1,Te 


28 


°C 


Density 


2t,1,Te 


1,150 


kg/m3 


Volumetric flow at inlet 
(also usable inlet volume flow) 


?Kt,1,Te 


5,8 


tr?ls 


Discharge temperature 


't.2,Te 


59,68 


°C 


Discharge pressure 


"t,2,Te 


1,297 1 


bar 


*) Computed from the mass flow which is measured in a 


ccordance with 1 


SO 5167-1. 





Table F.7 — Calculation results 



Designation 


Symbol 


Numerical 
value 


Unit 


Pressure ratio 


(/? 2 APl>t.Te 


1,292 6 


- 


Specific isentropic compression work 


^m.s.^Te 


23 220 


N-m/kg 


Isentropic compression power 


''s.tTe 


156,8 


kW 


Power at compressor coupling 


P e,Te 


214,7 


kW 


Mechanical compressor power loss 


p f,Te 


3,0 


kW 


Internal power 


'in, Te 


211,7 


kW 


Internal isentropic efficiency (from P\ n jJ 


^8,in,Te 


74,07 


% 


internal polytropic efficiency (from ft,2,Te> 


''pol.in.Te 


75,05 


% 


Polytropic exponent 


"Te 


1,630 


— 


Specific polytropic compression work 


^m,pol,t,Te 


23 528 


N-m/kg 
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Table F.8 — Conversion to guarantee conditions (see figure D.8) 



Designation 


Symbol 


Numerical 
value 


Unit 


Design speed 


"Gu 


4,700 


r/min 


Test speed 


N Te 


2 881 


r/min 


Converted volumetric flow at inlet 


«Kt,1.Co 


9,572 8 


roVs 


Converted specific compression work 


^m,pol,t,Co 


62 617 


N-m/kg 


Converted pressure ratio calculated with uq = n-fe 


WPlh,Co 


1,292 7 


- 


because kq u = kj 9 








Converted internal power 


P'm, Co 


327,87 


kW 


Converted mechanical power losses 


Pf.Co 


6,3 


kW 


Converted power at coupling 


'Vco 


334,17 


kW 


NOTE — The conversion of mechanical losses is carried out according to the formula 




P,,Co = P f J B [—] 









F.1.7 Test uncertainty and comparison with guarantee 

Table F.9 ~ Comparison with the guarantee (see 9.4) 



Designation 


Symbol 


Numerical 
value 


Unit 


Guaranteed specific polytropic compression work 


"m,pol,t,Gu 


60.351 


N-m/kg 


Conversion factor 


^K.t.Gu^Vpol.^Gu 
{ lv,t,Co iv m,pciXCo 


0,978 1 




Internal power absorption related to (/>2^l't,Gu 


^in.Co 


320,7 


kW 


Power at coupling related to iP2/Pih,G\j 


P e ,Co 


327,0 


kW 


Specific power at coupling related to Ufy/Pih, Gu 


^e,Co 
«Kt,1,Co 


0,009 35 


kWh/m3 


Guaranteed specific power at coupling 


*e,Gu 
0K,t,1,Gu 


0,009 297 


kWh/m3 


Deviation in specific power at coupling from guarantee 
value 




+ 0,57 


% 



The specific power at the coupling is exceeded by 0,57 % (see table F.9) but, since this is within the overall test uncertainly, the 
guarantees are met accordingly. 

The measuring errors are calculated in accordance with 9.2. 

The test uncertainty for example 1 is shown in table F.10. 
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Table F.10 — Resulting test uncertainty 



Designation 


Symbol 


Numerical 
value 


Comments 


Uncertainty in 
volumetric flow 
at inlet 


tqy.Te 
T NJe 

T r t ,Te 

T res,q v 


1,1 % 
0,35% 
0,13% 
0,33% 

1,207% 


According to ISO 5167-1 

Quality grade 0,2; final scale value 5 000 

1 mmHg on absolute pressure 

1 ° on absolute temperature 

Not applicable, in accordance with 5.9 

See 9.2.5 


Uncertainty in pressure 
ratio 


ln(p 2 //>i) 

T p 2 Je 
Tres.pj/p, 


1,0 
0,254 
0,43% 
0,49% 


1 mmHg on absolute pressure 
See 9.2.6 


Uncertainty in specific 
power at coupling 


C 4 

T Pf 

*F 
r res,/» e 


201,1 
10% 

1,34% 
1,740% 


Estimated 

One scale division as assumed error 

See 9.2.7 and table 10 



F.1.8 Comparison of different calculation methods 

A comparison of different calculation methods is given in table F. 11. 
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Table F.11 — Comparison of different calculation methods 






Example 1 


Total 

«P.. 't> 


. Total . 


Suction side : total 
Discharge side : static 


Static 


Guarantee conditions 










inlet pressure 


A,i.Gu = 0.952 4 bar 


0,952 4 bar 


0,952 4 bar 


Pl.Gu = 0' 951 2 bar 


Inlet temperature 


w. = 30 . 16 ° c 


30,16 °C 


30,16 °C 


r 1Gu = 30 °C 


Gas constant 


R^ = 764,9 N-m/|kg-K) 








1 sen tropic exponent 


*Gu = 1 ' 4 








Compressibility factor 


Za. = 1.0 








Kinematic viscosity 


Vq,, = 3,267 8 x 10~ s mVs 








Discharge pressure 


/»t2.Gu = I. 220 3 °a r 


Pt,2,Gu = 1.220 3 bar 


p 2Qu = 1,216 bar 


Pzgu = 1,216 bar 


Volumetric flow at intet 


*Kt,i.Go = 9.715 rr^/s 


ly.txau = 9.715 m3/s 


4V.ti.Gu = 9 - 715 m3/s 


«V.1.Gu = ^T 22 2 m 3 ' 8 


Specific power required 
at compressor coupling 


-^ = 0,009 297 kWh/m3 


-^ = 0,009 297 kWh/n* 


-!^ = 0,009 297 kWh/m3 


-2^1 = 0,009 297 kWh/rrP 




Ivxi 


«Kt,1 


"V,t,i 


Iv.tA 


Expected compressor 


Nqh = 4 700 r/min 








speed 










Outside diameter 


D = 0,9 m 








of 1st impeller 










Area of inlet nozzle 


yl, = 0,39 mZ 








Area of discharge nozzle 

V 


/4 2 = 0.192 8 m* 








Test conditions 










Test gas 


Air 






Air 


Isentropic exponent 


*T. = 1.* 






K Te = 1,4 


Inlet temperature 


/ t ,.T. = 28,16 °C 






'l.Te = 28 °C 


Gas constant 


ff T . = 289.30 N-m/lkg-K) 






R Je = 289,30 Nm/ (kg -K) 


Compressibility factor 


Z Te = 1.0 






Z Te = 1,0 


Kinematic viscosity 


vr e = 1,6401 x lO^m^s 






v Te = 1,640 1 x 10~ 5 rr^/s 



Table F.11 — Comparison of different calculation methods (continued) 



Example 1 


Total 


/ Total \ 

1 u, u, c 2 2 ~ C 1 2 1 

\ "m "m, static + ? / 


Suction side : total 
Discharge side : static 


Static 


Test conditions {continued) 

Determination of test 
settings 










' ^Gu 7 t.1.Gu 


*Te = *Gu l/^^'-T- 
" *Gu 7 t.1.Gu 


-4 700l/ 289 ' 3x301 ' 31 
V 764,9x303,31 


-4 700i/ 289 ' 3x301 ' 31 
V 764,9x303,31 




N Ta = 2 881 r/min 






/V Te = 2 881 r/min 




^e,Te _ ^Te v Gu 
^o.Gu ^Gu^e 






^e,Gu ^Go v Te 




_ 2 881 x 3,267 8 x 10" 3 






_ 2 881 x 3,267 8 x 10" 3 
4 700x 1,640 1 x 10~ 5 


4 700x 1,640 1 x 10~ 5 




*' T ' - 1,221 3 

"e,Gu 






-^ = 1,221 3 

*e.Gu 


Test readings 










Test No. 


1 


1 


1 


1 


Date of test 


1964-09-28 


1964-09-28 


1964-09-28 


1964-09-28 


Time of test 


12,30 


12,30 


12,30 


12,30 


Atmospheric pressure 


p a = 1,013 bar 


p a = 1,013 bar 


p a = 1,013 bar 


p a = 1,013 bar 


Gas constant 


R Ja = 289.30 Nm/(kgK) 


R Ta = 289,30 Nm/(kgK> 


R Te = 289,30 Nm/fkgK) 


R Te = 289,30 N m/ (kg K) 


Speed 


N Ta = 2 881 r/min 


N Ta = 2 881 r/min 


N Te = 2 881 r/min 


iV Te = 2 881 r/min 


Mass flow 


Vmje = S' 752 78 kg/s 


q m Te = 6,752 78 kg/s 


<We = 6,752 78 kg/s 


? mJe = 6,752 78 kg/s 


Inlet pressure 


PtXTe = 1-003 5 bar 


Pt,\je = 1.003 5 bar 


/>t,i,T« ~ 1,003 5 bar 


p ttTe = 1,003 5 bar 


Inlet temperature 


't.i.Te = 28.26 °C 


/ , T , = 28,26 °C 


t tXU = 28,26 °C 


t tXTa - 28,26 °C 


Discharge pressure 


Ptjjo = 1 - 2971 bar 


Pt.2.Te = 1>297 1 bar 


A.2.Te = 1 -29 7 1 bar 


Pt,2j* = 1.2971 bar 


Discharge temperature 


't.2.Te = 59,68 °C 


r t-2 Te = 59,68 °C 


/ t , 2 , TB = 59.68 °C 


't.2.Te = 59,68 °C 


Input torque at compressor 
shaft 


711.56 Nm 


711,56 Nm 


711,56 N-m 


711,56 Nm 



s 



Example 1 



Test calculations 
Inlet gas density 



Volumetric flow at inlet 



Pressure ratio 



Specific isentropic 
compression work 



Isentropic compression 
power 



Power at compressor 
coupling 



Table F.11 - Comparison of different calculation methods {continued) 



Total 

(p„ ',> 



£t.1.Te = 



Pt.l.Te 



1,003 5 x 10 5 



1,0 x 289,3 x 301,41 
= 1,160 8kg/m3 



Qv.t.hle 



ffm.Te 
2«,1.T« 

= 6,752 78 
1,1508 

= 5,867 9 m3/s 

A.2.Te = 1,2971 

P t ,,, Te 1,003 5 

= 1,292 6 



"m.s.t.Te 



tTe" 1 



*Te Pt,1,T« |"/ Pt,2,T« V K Te J 

'fTe -1 0t. 1. To IA Pt.l.Te/ J 



105x1,003 5 



0,4 
x [(1,292 6) 



1,1508 

0.285 7 



1] 



= 23 220 Nm/kg 

'Vt.Te = "m.s.t.Te flm.Te 

= 23 220 x 6,752 78 x 10" 3 
= 156,8 kW 
P eTe = Torque- 2 n -N Te 



10~ 3 x 711,56 x2x n x 



= 214,7 kW 



2 881 
60 



Total 



W m 



"m. static + 



tf-', 2 ' 



#t,1,Te ~ ^ 



A.1,Te 



Z l.Te W Te^1.Te 
= 1,003 5 x 10 s 
1,0x289,3x301,41 

= 1,150 8 kg/m 3 

9m, Te 



**Kt,1,Te 


Pt.l.Te 




6,752 78 




1,150 8 




= 5,867 9 rr»3/s 


P2.Te _ 


1,292 5 


Pl.Te 


1,002 2 


= 


1,289 7 


H/ m,s.t,Te = . 

*Te ' 



*Te Pl.Te |>2.Te\ *Te 1 



C 2 1 



= M x 10 s x 1,002 2 x 
0,4 1,149 9 

r 0,285 7 , 

x [(1,289 7) - 1] + 

( 26.04 2 - 15,056 97 2 > 
2 
= 23 223 Nm/kg 

'Vt.Te = "jn,s,t,Te 1m,Je 

= 23 223 x 6,752 78 x 10" 3 
= 156,8 kW 
P ele = Torque 2 n-/V Te 



Suction side : total 
Discharge side: static 



= 10~ 3 x 711,56 x 2 x n x 
= 214,7 kW 



Cti.Te= 1-150 8 kg/m 3 



2 881 
60 



Qv.U.Tm - 



ffm.Te 
£t.l.Te 



= 6,752 78 

1,1508 

= 5,867 9 m3/s 



P2.T8 



1,292 5 

Pt,1,Te 1,003 5 

= 1,288 80 

"'m.sje = 



«Te- 



1^ 10 5 x 1,003 5 
04 X 1,1508 



x [(1,288 0) 



0.285 7 



1] 



*Te Pt.l.Te [/ P2.Je \ * T « _ ,1 
fTe" 1 ^t.1,Te l/Pl.t.Te/ J 



= 22 885 N m/kg 

^s.Te = ^m.s.Te <7m.Te 

= 22 885 x 6,752 8 x 10' 3 
= 154,53 kW 
*VTe = 214 7kW 



Static 



0i.tb 



Pl.Te 



^l.Te^Te^l.Te 

1.002 2 x 10 5 



1,0x289,30x301,25 
= 1,499 9kg/m3 



flKl.Te 



£l.Te 
6,752 78 





1,149 9 




= 5,872 5 m3/s 


P2.Te 
Pl.Te 


_ 1,292 5 
1,002 2 




= 1,289 7 


"Vs 


tie" 1 



*Te Pl.Te [/P2.Te\ *Te J 

»C Te -1 ei,Te[^1.T«/ J 



M v 10 5 x1,002 2 
0,4 1,149 9 

x [(1.289 7) 02867 -1] 



= 22 998N-m/kg 

^s.Te = "m.s.t.Te Vm.Te 

= 22 998x6,752 78 x 10 3 
= 155,3 kW 
P eTe = Torque 2 7t ■ A/ Te 



= 10' 3 x 711,56 x 2 x ji x 
= 214,7 kW 



2 881 

60 



WW 

8 2 

09 ^ 



tc 
10 



(O 

«o 



Table F.11 — Comparison of different calculation methods (continued) 



Example 1 



Test calculations (continued) 
Estimated mechanical 
losses 

Internal power 



Internal isentropic 
efficiency 



Polytropic exponent 



Specific polytropic 
compression work 



Internal polytropic 
efficiency 



Total 

<Pv 't> 



P, iT . = 3.0 kW 

''inje = ''e.Te ~~ ''f.Te 

= 214,7 - 3 = 211,7 kW 

_ P s,t,Te _ 156,8 

'/s.io.Te _ p . _ ~ 211 7 
*in,Te *■ "'' 



"Te = 



= 74,07 % 

ln(^il?\ 

VPl.t,T«/ 
|n /A,2.Te7-,,1.Te\ 
^A,1,T» 7 t,2.Te/ 

ln(l»LL) 
\1,003 5/ 

\1. 



1,297 1 x 301,41 
003 5 x 332,83 



) 



= 1,63 



W, 



m.poM.Te 






re Pt.l.Te / Pt.2,Te \ 
~ 1 0t,Te [^Pt.lTe' 



(*?l 



1,63 x 10 5 x 1,003 S x 
0,63 1,150 8 



[ 0,63 "I 

(1,292 6)163 _ J 



= 23 528 N m/kg 

"in,pol.t,T«'?m,Te 



"pol.in.Te 



''in.Te 

= 23 528 x 6,752 78 x 10 ~ 3 

211,7 
= 75,05 % 



Total 



C 2 2-C* 



P, le = 3,0 kW 

^eje ~ 

= 214,7 - 3 = 211,7 kW 

P s,t.Te 156,8 
fs.in.Te ~ p - 211 7 

= 74,07 % 



In 



"Te 



VPl.Te/ 



rP2.Te^1,Te^ 



/ ^2,TeM,Te \ 
IPlJe^.Te/ 

, n (L2925\ 
Vl,002 2/ 



Inl — 



1, 2925x301,25 ' 
002 2 x 332,35 



= 1,629 



W, 



m.poi.t.Te 



"Te Pl.Te 



"Te" 1 £t.Te 



(— ) 



- 1 



c 2 _ c 2 
L 2 1 



= L§2> x 10 5 x 1,002 2 x 
0,629 1,149 9 



[ 0,629 "I 

(1,289 7) La® - 1 U 

+ 26,04 2 - 15,056 97 2 
2 
= 23 524 N- m/kg 

"m,pdl,t.Te'?m,Te 



"pol.in.Te 



in.Te 



23 524 x 6,752 78 x 10' 3 



211,7 



= 75,05 % 



Suction side : total 
Discharge side : static 



P in . Te = 211,7 kW 



_ P s,Te _ 154,53 
fs,in,Te ~ p. — 211 7 

= 72,99 % 

P2,Te 



In 



VPl.t.Te/ 



/ P2,Te 7 1,Te \ 
VPt.l.Te T 2,Te ' 

\1,003 5/ 






292 5x301,41 



,003 5 x 332,35 

1,632 4 



) 



W. 



rr m,pol,Te . 

t/n-1 j 
Pti/ ~ ! 



1,632 4 x l^x 1,003 5 



0,632 4 



1,1508 



1,292 5\ 1 - 6324 



/ 1,292 5 \ 
ll,003 5/ 



- 1 



= 23 187 N- m/kg 

"pol.in.Te p 



in.Te 

23 187 x 6,752 78 x 10 ~ 3 



Static 



211,7 



= 73,96 % 



fje 



3,0 kW 



P in,Te _ P eje ~ P 1,Te 

= 214,7 - 3 = 211,7 kW 

^s.Te 155,3 



fs.in.Te ~~ p. 



211,7 



= 73,4 % 



In 






In 



/ P2,T« f 1,Te \ 
\Pl,Te r 2.Te' 

ln(L»l) 
\1,002 2/ 



ln(l^ 
\1, 



1, 292 5x301,25 ^ 
002 2 x 332,35 J 



= 1,629 



W. 



m,pot,Te 



"Te Pl.Te 



"Te -1 0t,Te 



( — ) 

\Pl) 



1,629 x 10 s x 1,002 2 x 
0,629 1,149 9 



0,629 
1,629 

(1,289 7) - 1 



= 23 299 N m/kg 

_ ^m.pol.TeTm.Te 
"pol.in.Te — ~p 

"in.Te 

= 23 299 x 6,752 78 x 10~ 3 
211,7 

= 74,32 % 



CO 
00 



Table F.11 — Comparison of different calculation methods [continued) 



Example 1 



Total 



Total 



"m ~ "m, static "*" 



C 2 2 



<,"' 



Suction side : total 
Discharge side : static 



Static 



Conversion of test results 
to guarantee conditions 

Converted volumetric 
flow at inlet 



Converted specific 
polytropic compression 
work 



Gas density at inlet 
under guarantee conditions 



Converted pressure 
ratio 

<«Co = "To 

because k Gu - * TB ) 



Converted internal power 



N, 



< /K,t,1,Co — fv.A.Ja 



Gu 



N T 



= 5,867 9 x 



4 700 



2 881 
= 9,572 8 m3/s 



**m,pol,t.Co ~~ ^m.pol, 



= 23 528 



(4 700 \ 2 



ff t,1,Gu 



V2 881 / 
= 62 617 N m/kg 

Pt.1,Gu 



^Gu^Gu^t,1.Gu 

= 0.952 4 x 10 s 
1,0 x 764,9 x 303,31 

= 0,410 5 kg/m3 



(J*.) « \lszl) 

V Pl'Co [\ " /( 



W. 



m.pol.t.Ca 



\*-1/c 



+ 1 



Z Gu"Gt|Ti,Gu 

_ / 0,63 x 62 617 
\1,63 x 1.0 x 764,9 x 303,31 

1,63 

)0,63 

- 1,29 269 

- = P . T gt.1.Gu / N Gu\ 3 
i, Co ' in.Te I 1 

e,,1,Te V^Te' 



= 211,7 x 



0,410 5 



1,1508 
= 327,87 kW 



/ 4 700 \3 
12 881/ 



Qv.xA.Co ~ QvA.le 






Te 



= 5,867 9 x 



4 700 



2 881 
= 9,572 8 m3/s 



■'• Te WJ 



w — w 

m.pol.t.Co — "m.pol, 



\2 881 / 

= 62 607 Nm/kg 

Pt.l.Gu 
£%1,Gu _ ~T~1) t 

^Gu"Gu''t.1,Gu 

= 0,952 4 x 1Q 5 

1,0x764,9x303,31 
= 0,410 5kg/m3 



(-) " (— ) 



W. 



m.poi.t.Co 



+ i 



(*)< 



■( 



^Gu^Gu^l.Gu 

0,629 x 62 607 



1,629x1,0x764,9x303,31 



')' 



1.63 
63 



+ 1 J 

1,29 266 



= P. T ei.1,Gu/%\ 3 
'in.Te I I 

eu.T. W e / 



= 211,7 x 



0,410 5 



1,1508 
= 327,87 kW 



/4700\3 
\2 881/ 



Qvxa.Co = 9,572 8 m3/s 



&.I.G11 



= 23 187(-i2W\ 2 
\2 8817 

= 62 710 N m/kg 

Pt.l.Gu 

^Gu^Gu^t.l.Gu 

= 0,952 4 x 10 s 
1,0 x 764,9 x 303,31 

= 0.410 5 kg/rrv* 



V Pl/co |/ " U 



w, 



m.pol. Co 



+ 1 



U-i")c 



■^Gu^Gu^1,t,Gu 

r 0,632 4x61710 

[1,632 4x1,0x764,9x303,31 

1,632 4 



+ 1 

1,288 



Y 



6324 



Ct,1,Gu /^GiA 3 



- = p. T «t,1,Gu /^GiA 
i. Co 'in.Te — — — I 1 

St,), Te ^Te' 



in.Te ■ 

0t.1.Te V/V Te' 

2117x M105 /4700\3 
\2 88i; 



1,1508 
= 327,87 kW 



^Kt.l.Co _ Qv.lje 






Gu 



= 5,872 5 x 



4 700 



2 881 
9,580 3 rr»3/s 



W. 



m.pol.Co 



w. 



ipoiJe \N Je ! 

/4 700 \ 
I 2 881 / 



01, Gu 



= 23 299 

= 62 008 N- m/kg 

Pl.Gu 



^Gu^Gu^'.Gu 
0,951 2 X 1Q5 

1,0 x 764,9 x 303,15 
0,410 2 kg/m3 



(-) = (— ) 



W. 



m.poi.Co 



' i"- 1 )c 

+ 1 



■^Gu^Gu^l.Gu 

/ 0,629 x 62 008 

U,629x 1,0x764,9x303,15 



+ 1 ) 
= 1,289 8 

i Cn * in Tl 



1,629 
0,629 



Pl.Te Wte/ 



= 211,7 x 0^02 X 
1.249 9 

= 327,88 kW 



1 4 700 \3 
V2 881/ 



Table F.11 — Comparison of different calculation methods (concluded) 



$ 



Example 1 



Conversion of test results 
to guarantee conditions 
(continued) 

Estimated mechanical 
losses 

Converted power at 
compressor coupling 

Specific polytropic 
compression work at 
guarantee conditions 
assuming the same 
polytropic efficiency as 
on test 



Corrected internal power 
at guarantee pressure ratio 



Corrected power 
dt coupling 



Corrected specific 
power at coupling 

Deviation from guarantee 



Total 

(Px. t x ) 



6,3 kW 
334,17 kW 



W, 



m,pol,t,Gu 






Z Gu^Gu 7 t,1.Gu 



m 



- 1 



1,63 
0,63 



x 764,9 x 303,31 x 



0,63 
1,63 

(1,281 3) - 1 



= 60 351 N-m/kg 



r e,Co,Gu ~~ 

p ?Kt,1,Gu ^m.poUGu 

*in,Co „, 

«'l',t,1,Co"'m,po(,1.Co 

_ vrj 07 9,715 x 60 351 
' 9,572 8 x 62 617 

= 320,4 kW 



320,7 
6,3 
327,0 kW 

0,009 35 kWh/m3 
0,57 % 



Total 



( c 2 2 - C A 

\" m m, static 2 / 



6,3 kW 



334,17 kW 



W. 



m,pol,t,Gu 



( J|„ Z Gu^Gu^1,Gu 

( — ) 
\ " /Co 



"[0 

= 1 ' 629 

0,629 



c 2 - c 2 
c 2 l i 



x 764,9 x 303,15 x 



0,629 



1,629 

x (1.278 4) - 1 

+ 42.481 2 - 26.04 2 
2 
= 60 303 N-m/kg 



"o.Co.Gu — 

p ■ gy.t.l.Gu ^m,pol,t,Gu 

'in, CO war 

V|/,t,1,Co"m,pol,t,Co 

_ 327 87 9,715 x 60 303 
' 9,572 8 x 62 607 

= 320,5 kW 



320,5 
6,3 
326,8 kW 

0,009 344 kWh/m* 
0,51 % 



Suction side : total 
Discharge side : static 



6,3 kW 



334,17 kW 



W. 



m r po),Gu 



(-*-) Z Gu tf G 



Pl.Gu 
Pi 

1,6324 
0,632 4 



\ n I, 



- 1 



/ P2.Gu \ 
'Pl,t,Gu' 

x 764,9 x 303,31 x 



0,632 4 



I lo,952 4/ 



= 59 456 N-m/kg 



gK,t,1,Gu^m,pol,Gu 
Qvxl,Co™m,pal,Co 

9,715x59 456 



= 327,87 



9,572 8 x 61 710 
= 320,59 kW 

320,59 
6,3 
326,89 kW 

0,009 346 kWh/m3 
0,527 % 



Static 



6,3 kW 



334,18 kW 



W. 



m.pol.Gu 



7 1 ^Gu*Gu^1,Gu 

71-1/Co 

\ » /Co 



*[(* 



Gu 



1,629 
0,629 



x 764,9 x 303,15 x 



0.629 
1 629 

(1,278 4) - 1 



= 59 740 N-m/kg 



e.Co.Gu 



r, Q v,1,Gu' r ni.pol 

•in C.n T7T 



w n 



in, Co 



I.Gu 



^I.Co^m.pol.Co 



= 327 88 9 ' 722 22 x 59 740 
9,580 3 x 62 008 

= 320,6 kW 



320,6 
6,3 
326,9 kW 

0,009 34 kWh/m3 
0,538% 



IS 14641 : 1999 
ISO 5389:1992 



Example 1 

Qvxj* = 5,872 22 m3/s 
A, = 0,39 m2 

5,872 22 



f 1.Te = 



0,39 



= 15,056 97 m/s 



N, 



Gu 



c 1>Qu = 15,056 97 -—■ = 24,563 6 m/s 



N- 



Te 



6,752 78 
«K2.Te- - 13443 = 5 - 0233 



A 2 = 0,192 8 m2 
5,021 



c 2,Te 



0,192 8 



N, 



= 26,04 m/s 



Gu 



c 2 Gu = 26,04 — ^ = 42,481 m/s 

'Me 



^ a t,1,Te = 



z^r, 



6,752 78 

0,39x1,002 2 

= 0,043 11 



J 1x 289,3 x 

x10 5 X V 1-4 



301,3 



Pt,1,T« = />1,T« I 1 + y Mfl t 2 1,To) 

= 1,002 2 I 1 + -y- x 0,043 11 2 I 



= 1,003 5 bar 



TYl.Te - ^ 



1,Te 



1-^-^Te 



= 301,25 



1 



1 - 0,285 7 x 0,431 1 2 



301,41 K 



Afe t 



2,Te 



ZRT X 



2,Te 



^2P2.Te V * 

- 6,752 78 

0,192 8 x 1,292 5 x10 5 

= 0,071 



J l x 289,3 x 
X V 1,4 



x 332,35 



:,2,Te = P2.Te I 1 + y ^U.Te) 

h + -M x 0,071 2 ) 



= 1,292 5 x 
= 1,297 1 bar 



T t,2Je ~ T 2Je\ ~ ~j | 

2,35 x J -\ 

\1 -0,285 7 x 0,071 2 j 



= 332,: 
= 332,83 K 



F.2 Example 2 — Uncooled turbocom pressor, 
isentropic exponent /c Te = k Gu , speed not 
variable 

F.2.1 General 

The test conditions under inlet conditions deviate from the 
guarantee conditions. The driver has a fixed speed so that 
similar flow conditions can only be approximated using 
figure D.3. 

The guarantee conditions, guaranteed performance and other 
design values are given in tables F.12 to F.14. 

F.2.2 Purpose of test 

The purpose of the test is to prove the guaranteed power re- 
quirement for the guarantee point and to determine the 
pressure-volume curve at a .constant speed. 

F.2.3 Design of installation 

The installation consists of a three-stage, uncooled turbo- 
compressor for air, driven by an electric motor. 



Table F.12 — Guarantee conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Inlet pressure (total) 
Inlet temperature (total) 
Gas constant 

Isentropic exponent 
Compressor speed 


Pt,1,6u 
't,1.Gu 
*Gu 

*Gu 
"Gu 


0,980 7 

30 

288,32 

1,4 

9500 


bar 
°C 

N-m/(kg-K) 

r/min 



100 



IS 14641 : 1999 
ISO 5389 : 1992 



Table F.13 — Guaranteed performance 



Designation 


Symbol 


Numerical 
value 


Unit 


Volumetric flow at inlet 

Discharge pressure 

Power requirement at compressor coupling 


?Kt,1 ( Gu 

Pt.2.Gu 

p e,Gu 


9.166 67 
3,903 1 
2065 


rrP/s 

bar 

kW 


Table F.14 - Other design values 


Designation 


Symbol 


Numerical 
value 


Unit 


Outside diameter of Stage 1 impeller 


Dy 


0,63 


m 



F.2.4 Test set-up 

The test is carried out at the compressor site under atmospheric conditions. 

The test set-up is shown in figure F.2, and the test conditions are given in table F.15. 



Gear 




e- 



9 



-ihH] 



Measurement of torque f 
(toraue shaft) 1 
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0- 



(~) (p 
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Figure F.2 — Test set-up for example 2 
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F.2.5 Setting conditions (see 8.2.3.2) 

Since the speed cannot be varied, it is impossible to maintain 
precisely the flow conditions on which the guarantee was based. 



\yjRZ,T ti ,J. 



9500 



Te V 288,3 x 1,0x283,2 



N 



\Jrz } t % 



9500 



= 1,035 



1 /Gu 



V 288,3 x 1,0x303,2 



To determine the permissible deviations from figure D.3, it is 
necessary to calculate the polytropic exponent from guarantee 
conditions and guaranteed performance. 

The deviation in the volumetric flow ratios shown in figure D.3 
is less than 5 % with the calculated ratio 1,035, a pressure ratio 
(/V/'i'tGu = 3,98, and a polytropic exponent n Gu = 1,564. 

The setting conditions are given in table F.16. 

Since a centrifugal compressor with flat characteristic is in- 
volved, a maximum deviation in the volumetric flow ratios of 
± 5% is acceptable in the optimum efficiency range [see 



figure D.3cH and, therefore, conversion of the test results to 
guarantee conditions is still possible. In accordance with 
figure D.2, a supplementary tolerance of 1 % for the measured 
power requirement can be used. 

In determining the setting conditions in accordance with the 
flow chart in figure 0.6 the following calculation sequence is 
used (the numbers given are those designating individual boxes 
in the flow chart) : 



1-2-3-4-5-6-7-8-9-10 
13 _ 21 - 22 - 23 - 24 



11-12- 



A^r.toi = +0,05 is inserted in 23 in the first instance and 
A V r t0 | = - 0,05 in the next sequence to determine the upper 
and lower tolerance limits. The calculation ends with 25 — 
26 - (43 - 44, but see the note to F.0.1) - 45 - 46 - 47. 

Had the test shown in 45 that the setting conditions determined 
could not be maintained in the test, the compressor would have 
had to be split up into several units and the calculations recom- 
menced at 3 through 48 — 49. 

The deviation is within the permitted range. The test was 
carried out maintaining the above test conditions. 



Table F.15 — Test conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Isentropic exponent 
Mean inlet temperature (total) 
Gas constant 
Speed (not variable) 


't.l.Te 


1.4 
10 

288,3 
9500 


°C 

N-m/<kgK) 
r/min 



Table F.16 — Setting conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Mechanical efficiency 


If 


0,985 
(estimated) 


- 


Internal power 


P'm, Gu 


2.034 


kW 


Specific isentropic compression work 


w m,s, Gu 


148 024 


Nm/kg 


Isentropic compression power 


P %,Gu 


1 521 


kW 


Isentropic efficiency 


'Ts.in.Gu 
_ P» 

fin, Gu 


0,748 


- 








Pressure ratio 


Pt.2 
Pt,1,Gu 


3.98 


— 


Polytropic efficiency 


■7pol,Gu 


0,792 


- 


Polytropic exponent 


"Gu 


1,564 


- 
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F.2.6 Test results and conversion 

See tables F.17to F.19. 



Table F.17 — Test results 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Date of test 


- 


1965-04-30 


1965-04-30 


1965-04-30 


- 


Time of test 


- 


11,30 


12,30 


14,00 


h 


Atmospheric pressure 


Pa 


1,009 1 


1,009 1 


1,009 1 


bar 


Gas constant 


R Je 


288,32 


288,32 


288,32 


N-m/(kg-K) 


Speed 


"Te 


9500 


9500 


9500 


r/mtn 


Mass flow"' 


<7m,Te 


11,566 7 


11,341 7 


10,202 8 


kg/s 


Inlet pressure 


/"UJe 


0,996 4 


0,997 3 


0,999 3 


bar 


Inlet temperature 


't,1.Te 
r t,1,Te 


9,8 
283,0 


10,0 
283,2 


10,3 
283,5 


°C 
K 


Density 


St,1,Te 


1,221 


1,221 


1,223 


kg/m 3 


Volumetric flow at inlet 

(also usable volumetric flow at inlet) 


fKtl.Te 


9,47 


9,289 


8,342 


m 3 /s 


Discharge pressure 


A,2,Te 


3,765 8 


4,148 2 


4,903 3 


bar 


*) Calculated from the mass flow measured in acco 


rdance with ISO 5 


167-1. 









Table F.18 — Calculation results 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Pressure ratio 


WpAto 


3,780 


4,159 


4,907 


- 


Specific isentropic compression work 


"^m,s,Te 


131 985 


143 640 


164 596 


N-m/kg 


Isentropic compression power 


P S ,Te 


1 527 


1 628 


1 679 


kW 


Power at compressor coupling 


f e ,T e 


2107 


2 208 


2234 


kW 


Mechanical compressor power dissipation 


^fje 


31 


32 


32 


kW 


Internal power 


*in,Te 


2 076 


2 176 


2 202 


kW 


Internal isentropic efficiency 


*7s,in,Te 


0,734 


0,748 


0,763 


- 


Internal polytropic efficiency 


''pol.in.Te 


0,779 


0,792 


0,808 


- 


Polytropic exponent 


"Te 


1579 


1 564 


1 547 


- 


Specific polytropic compression work 


"m.pol.Te 


139 880 


152 150 


174 462 


N-m/kg 



Table F.19 — Conversion to guarantee condition (see figure D.8) 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Converted specific compression work 


"wi,pol,Co 


139 880 


152 150 


174 462 


N-m/kg 


Converted pressure ratio 


</VPl>t,Co 


3,521 


3,860 


4,529 


- 


Converted discharge pressure 


P\,2,Co 


3,453 


3,786 


4,44 


bar 


Converted volumetric flow at inlet 


«Kt,1,Co 


9,473 


9,289 


8,342 


rr»3/s 


Converted internal power 


'Vco 


1907 


1 998 


2 020 


kW 


Converted mechanical power dissipation 


Pf,Co 


31 


32 


32 


kW 


Converted power at coupling 


*YCo 


1 938 


2030 


2052 


kW 
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F.2.7 Test uncertainty and comparison with guarantee 

The test uncertainties are calculated according to 9.2. 

As can be seen in figures F.3 and F.4, the guarantees are met within the test uncertainty (see also 9.4). 

The test uncertainty for example 2 is shown in table F.20. 



Table F.20 — Resulting test uncertainty 



Designation 


Symbol 


Numerical value 


Comments 


Uncertainty 
in volumetric 
flow at inlet 


T N,Te 

r P,,Te 

T 7"l,Te 

r adj 

r tot,? K ,1 


1,2 % 
0,53% 
0,13% 
0,33% 
1,0 % 


In accordance with ISO 5167-1 
Quality grade 0,5, final scale value 10 000 
1 mmHg on absolute pressure 
1 ° on absolute temperature 

See 9.2.5 


V 1-36 2 + I.CI 2 = 1,69% 


Uncertainty 
in pressure 
ratio 


\n{p 2 /pi) 
T />2,Te 

T adj 
r tot.P2//>, 


1,035 

1,33 

0,83% 

1,0% 


Quality grade 0,6; final pressure gauge 
value 4 atm gauge (relative) 

See 9.2.6 


Vl,586 2 + 1,02= 1,87% 


Uncertainty 
in power 
at coupling 


Z P* 

T adj 
r tot.P e 


780 

0,75% 

10% 

1,0% 


Current transformer 0,5; voltage 
transformer 0,5; wattmeter 0,2 (estimated) 

See table 9 


V0,975 2 + 1,02 = 1,40% 
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Figure F.3 — Graphs for comparison with guarantee 
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Figure F.4 — Graphs for comparison with guarantee 
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F.3 Example 3 — Uncooled turbocompressor. 
isentropic exponent K Te * Kgui speed not 
variable 

F.3.1 General 

No similar flow conditions can be set in accordance with the 
similarity considerations given in 8.2.3.2. Approximation sol- 
utions are sought on the basis of figure D.4. 

The guarantee conditions, guaranteed performance and other 
design values are given in tables F.21 to F.23. 



F.3.2 Purpose of tests 

The purpose of the tests is to prove the guaranteed power 
requirement for two guarantee points and to determine the 
pressure-volume curve at constant speed. 



F.3.3 Design of installation 

The installation consists of a two-stage, uncooled turbo- 
compressor for ethylene, driven by an electric motor. 



Table F.21 — Guarantee conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Inlet pressure 
Inlet temperature 
Gas constant 
Isentropic exponent 
Compressor speed 


p t,1.Gu 
't.1,Gu 
*Gu 
*Gu 

"Gu 


0,980 
32 

296,65 
1,25 
12 700 


bar 

"C ■ 

Nm/(kgK) 

r/min 



Table F.22 — Guaranteed performance 



Designation 



Symbol 



Numerical value 



Guarantee 
point 

(a) 



Guarantee 

point 

(bl 



Unit 



Volumetric flow at inlet 

Discharge pressure 

Power requirement at compressor 
coupling 



^Kfl.Gu 

Pt.2,Gu 

^e.Gu 



15 000 

1,765 

335 



12 500 
1,863 

310 



m3/h 

bar 

kW 



Table F.23 — Other design values 



Designation 


Symbol 


Numerical 
value 


Unit 


Outside diameter of Stage 1 impeller 


A 


0,4 


m 
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F.3.4 Test set-up 

Since it is not possible to carry out the acceptance test using ethylene, a test is carried out on site using air. 

The test set-up is illustrated in figure F.5, and the test conditions are given in table F.24. The power at the coupling is determined by 
the motor rating and transmission losses. 



<Sm> 



-© 



PR 



Gear 




e 



r 2; oii 

KD t(D- 







t 



e® 



AP 





N 



Figure F.5 — Test set-up for example 3 



Table F.24 — Test conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Isentropic exponent (air) 
Meanlnlet temperature 
Gas constant 


't,1,Te 


1,4 

S 

287,3 


°C 
Nm/(kg-K) 
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F.3.5 Setting conditions (see 8.2.3.3} 

The speed cannot be varied. 

Because the speed cannot be varied, it is impossible to 
maintain the flow ratios presupposed on giving the guarantee. 



MM 

W*Zi7- t|1 / T , 



12 700 



V 287,3 x 1,0x278,2 

12 700 
V296,65x 1,0x305,2 



= 1,064 



In order to determine whether the calculated ratio is within the 
permitted range (see 8.2.3.2), the polytropic exponents are 
required. The internal isentropic efficiency r/ s required to 
determine rj pot.cu ' s determined here from the isentropic com- 
pression power formed by the guarantee values and from the 
guaranteed power at the coupling assuming a mechanical ef- 
ficiency r/f = 0,98. 

According to figures D.4g) and D.4kl, the deviation in the 
volumetric flow ratio is so high that it is impossible to conduct 
the test within the inner tolerance limits (0,99 to 1,01). 

Consequently, a check must be made to find out whether the 
test is possible within the outer tolerance limits (0,95 to 1 ,05) 
which can be used in the case of the anticipated flat 
characteristic of a centrifugal compressor in the range of the 
guarantee points (see figure D.2). 



It is expedient to draw an auxiliary diagram (see figures F.6 and 
F.7) for each of the two guarantee points from figures D.4j), 
D.4m) and D.4q) for better interpolation. Using these 
diagrams, it was found that a test could be carried out on the 
present compressor for conversion within the outer tolerance 
limits 0,95 < V, < 1,05, in the case of guarantee point (a) 
^Kt.i.Gu = 15 000 m3/h) with 






175 



and in the case of guarantee point (b) <4V rt ,i,Gu = ^ ^ m 3 /h) 
with 



\ jRZiT.J-re 

1 043 < -^ < 1 

/ N \ ' 

\y/RZiT tr ,) Gu 



180 



The value determined at 1 ,064 in the above example for the two 
guarantee points is within these limits. 

The setting conditions are given in table F.25. 



Table F.25 — Setting conditions 



Designation 


Symbol 


Numeric 
Guarantee 
point 

(a) 


«l value 
Guarantee 
point 
(b) 


Unit 


Specific isentropic compression work 


^m.s.Gu 


56 


6 


Nm/kg 


Density 


0t,1,Gu 


1,083 


1,083 


kg/m3 


Isentropic compression power 


^Gu 


255 


233 


kW 


Power at the compressor coupling 


^e,Gu<W = 0,98) 


335 


310 


kW 


Isentropic efficiency 


''s.in.Gu 


0,777 


0,767 


- 


Polytropic efficiency 


''pol.in.Gu 


0,789 


0,7815 


- 


Specific polytropic compression work 


'*'m,pol,Gu 


57 448 


63 214 


Nm/kg 


Converted guaranteed polytropic 
exponent 


«Gu 


1,34 


1,344 


— 


Polytropic exponent calculated using 
"poUn,Gu in the test 


"Te*> 


1,567 


1,567 


— 


*) Since there are no other details ava 
"poUn.Gu- 


ilable than those gi 


Yen in the gua 


rantee, n-r e is 


Formed using 
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Figure F.6 — Graph for comparison with guarantee 
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In determining the setting conditions in accordance with the 
flow chart in figure D.6, the following calculation sequence is 
used {the numbers given are those designating individual boxes 
in the flow chart) : 



1 -2-3-4-5-6-7-8 
13-21-22-28-29 



9-10-11-12 



A^rtoi = +0,05 or AKr.toi = -0,05 is inserted into 28 to 
determine the upper and lower tolerance limits. In the present 
instance, the pressure ratio (/Jj/Pi'ex determined in 29 at which 
the maximum deviation A V rEx = A V, toi occurs is outside the 
range 1 to (p 2 /Pi) G u- 

Consequently, the formula sequence continues through 30 — 
38 - 24 - 25 - 26 - (43 - 44, but see the note to F.0.1 ) - 
45-46-47. 



Had the calculated pressure ratio [px/p-fi^ been within the 
range of the compression sequence, the extreme value of the 
deviation A V xbL could have been determined by 31 and the limit 
V r 2 would have had to be adapted by 32 — 37 in such a way that 
at no point of the compression process A V T x > A V T>vA . 

The test was carried out maintaining the above test conditions. 



F.3.6 Test results and conversion 

See tables F.26 to F.28. 

It was established after the tests that all 3 test points are within 
the extreme tolerance limits to figure D.8. 



Table F.26 — Test results 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Date of test 


- 


1965-03-12 


1965-03-12 


1965-03-12 


- 


Time of test 


- 


16,30 


18,45 


19,00 


h 


Atmospheric pressure 


Pa 


1,005 1 


1,005 


1,005 


bar 


Gas constant 


R Te 


287,33 


287,33 


287,33 


Nm/(kgK) 


Compressor speed 


"Te 


12 700 


12 700 


12 700 


r/min 


Mass flow' 1 (also usable mass flow) 


Qm.Je 


19 985 


17 304 


14 720 


kg/h 


Inlet pressure 


^t,1,Te 


0,995 4 


0,997 3 


0,999 3 


bar 


Inlet temperature 


't,1,Te 
r t,1,Te 


4,7 
277,9 


5,1 
278,3 


5,3 
278,5 


°C 
K 


Density 


£t,1,Te 


1,246 6 


1,247 2 


1,248 8 


kg/m 3 


Volumetric flow at inlet 

(also usable volumetric flow at inlet) 


9Kt,1,Te 


16 032 


13 874 


11 787 


m3/s 


Discharge pressure 


Pt.2,Te 


1,857 


1,974 


2,041 


bar 


"> In accordance with ISO 5167-1 . 



Table F.27 — Calculation results 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Pressure ratio 


[Pzlp-^t 


1,866 


1,979 


2,042 


- 


Specific compression work 


"m.s.Je 


54 524 


60 269 


65 373 


N-m/kg 


Isentropic compression power 


P i,T6 


302,5 


289,8 


259,1 


kW 


Power at compressor coupling 


Pe.Te 


421,8 


385,5 


348,5 


kW 


Mechanical compressor power dissipation 


p f,Te 


8 


8 


8 


kW 


Internal power 


"in.Te 


413,8 


377,5 


340,5 


kW 


Internal isentropic efficiency 


fs,in,Te 


0,731 


0,768 


0,761 


- 


Internal polytropic efficiency 


''pol.in.Te 


0,754 


0,788 


0,784 


- 


Polytropic exponent 


"Te 


1,611 


1,566 


1,573 


- 


Specific polytropic compression work 


"m,pol,Te 


56 195 


61 932 


65 246 


N-m/kg 
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Table F.28 — Conversion to guarantee conditions (see figure 0.8) 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Converted specific polytropic compression 
work 


'^Vpol.Co 


56 195 


61 932 


65 246 


N.m/kg 


Converted polytropic exponent 


"Co 


1,361 


1,340 


1,342 


- 


Converted pressure ratio 


<A>2Wt.Co 


1,777 


1,879 


1,937 


- 


Converted inlet volume 


?Kt,1,Co = ?Kt.1,T« 


16 032 


13 874 


11 787 


m3/h 


Converted internal power requirement 


'V Co 


359,6 


327,9 


295,3 


kW 


Converted mechanical power dissipation 


fyco 


8 


8 


8 


kW 


Converted power at coupling 


'e.Co 


367,6 


335,9 


303,3 


kW 



F.3.7 Test uncertainty and comparison with 
guarantee 

The test uncertainties are calculated in accordance with 9.2. 

The compressor in question having a flat performance curve, 
the comparison will be made at the guaranteed inlet volume. 

For this purpose the converted test results, i.e. specific 
polytropic compression work, pressure ratio, internal polytropic 
efficiency and power input at coupling, are plotted versus the 
converted usable inlet volume (see figure F.8). Taking into ac- 
count the total resulting inaccuracies, the conclusions are as 
follows (see figure F.9). 

— Guarantee point (b), qy x \.G U - 12 500 m 3 /h: the re- 
quirements of the guarantee are met for both pressure ratio 
and power consumption. 

— Guarantee point (a), q Vx r1>Gu = 15 000 m 3 /h: the 
pressure ratio is higher than guaranteed, and accordingly, 
so is the power input. For better comparison it is necessary 
to apply the procedure outlined in 9.4. The converted test 



results are read from the curves plotted in figure F.8 and 
defined by the three test points, at the guaranteed inlet 
volume flow # Kt ■) Gu = 15000m 3 /h, i.e. 

»Vpoi.Co = 59 470N-m/kg 

P eCo = 353,2 kW 

— the power at coupling reduced to guarantee con- 
ditions is 



''e.Cc^Gu ~ Pe.Co x 



W, 



m.pol.Gu 



w, 



m,pol,Co 



57 448 
= 353 ' 2 *<S4TO = 341 ' 2kW 

and the guarantee value is 335 kW. 

The converted power is thus slightly in excess, even if 
the resulting total test uncertainty is taken into account. 

The test uncertainty for example 3 is shown in table F.29. 
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Figure F.8 — Graphs for comparison with guarantee 
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Figure F.9 — Graphs for comparison with guarantee 
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Table F.29 — Resulting test uncertainty 



Designation 


Symbol 


Numerical value 


— 1 
Comments 


Uncertainty 


r u_,Te 


1,0 % 


In accordance with ISO 5167-1 


in volumetric 
flow at inlet 


T /V,Te 


0,08 % 


Digital measuring instrument — 
1 rev on indicator 






T Pl,Te 


0,13% 


1 mmHg on absolute pressure 


* See 5.9 




T T v 7e 


0,36% 


1 ° on absolute temperature 






T adj 

T tot,<7(,,1 


0,9 % 


See 9.2.5 


Vl,075 2 + 0,9 2 = 1,40 % 


Uncertainty 


^r 


1.064 




in pressure 
ratio 


\n{p 2 /p-\) 


0,623 






r /> 2 .Te 


0,16% 


1 mmHg on absolute pressure (see 5.9) 




T adj 
z iot,p 2 /p- [ 


0,9 % 


See 9.2.6 


V0,283 2 + 0,92 = 0,94% 


Uncertainty 


c 3 


2,191 




in power 
at coupling 


f4 


351,5 






Z P, 


0,75 % 


Current transformer 0,5; voltage 


~ 






transformer 0,5; wattmeter 0,2 (estimated) 




T P< 


10 % 






T adj 
r tot,P e 


0,9% 




Vo.79 2 + 0^ = 1,20% 


See 9.2.7 and table 9 
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F.4 Example 4 — Cooled turbocompressor, 
isentropic exponent /c Te = k Gu . variable speed 
and temperature ratios 

F.4.1 General 

The speed and temperature ratios can be varied so that similar 
flow conditions can be used. 

The guarantee conditions, guaranteed performance and other 
design values are given in tables F.30 to F.32. 



F.4.2 Purpose of tests 

The purpose of the tests is to prove the guaranteed power 
requirement for the guarantee point. 



F.4.3 Design of installation 

The installation consists of a five-stage turbocompressor of 
centrifugal design for air with intermediate cooling after each 
stage, driven by steam turbine. 



Table F.30 — Guarantee conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Pressure 


^t,1,Gu 


0,983 5 


bar 


Temperature 


't,1,Gu 


25,31 


°C 


Relative humidity 


<»Gu 


70 


% 


Gas constant 


«Gu 


289,5 


N-m/(kg-K) 


Isentropic exponent 


*Gu 


1.4 


- 


Volumetric flow of cooling water 


<?KW.Gu 


800 


rr>3/h 


Inlet temperature of cooling water 


f W,1,Gu 


27 


°C 



Table F.31 — Guaranteed performance 



Designation 


Symbol 


Numerical 
value 


Unit 


Volumetric flow at inlet 

Discharge pressure 

Specific power requirement at compressor coupling 


<?Kt,1,Gu 
Pl.ZGu 

(M 


114 826 
6,532 1 
0,071 06 


m3/h 
bar 
kWh/m3 ■ 



Table F.32 — Other design values 



Designation 


Symbol 


Numerical 
value 


Unit 


Speed (Not a guarantee condition for variable-speed 

driver 11 ) 


"Gu 


4 650 


r/min 


Outside diameter of Stage 1 impeller 


D\ 


1,12 


m 


Inlet temperature of air ahead of 








Stage II 


*t,1,ll,Gu 


40 


°C 


Stage III 


f t,1,lll,Gu 


42 


°C 


Stage IV 


't,1,IV,Gu 


45 


°C 


Stage V 


't,1.V,Gu 


48 


°c 


1) The subscript Gu designates the design speed. 
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F.4.4 Test set-up 

The compressor is subjected to trials on the test bed, driven by 
a variable-speed electric motor. Since the rating of the test bed 
motor is insufficient for operation at atmospheric intake 
pressure, the compressor shall be run at diminished intake 
pressure. Running in this way, it is not possible to judge the 
intercoolers as a reduced flow of cooling water must be ad- 
mitted because of the reduction in the pressure level. 

The test set-up is illustrated in figure F.10, and the test con- 
ditions are given in table F.33. 



To guarantee similar flow conditions, i.e. 



F.4.5 Setting conditions (see 8.2.4) 

By means of the flow of cooling water, the inlet temperatures 
of the air into the individual stages (see table F.34) can be set 
so that the temperature relationships 

where j = II, III, IV, V, agree with the design value. 



=) 



y/nz^t. 



= i 



the test shall be conducted at a speed reduced in the proportion 

A^ = ] /283,3xm23 

/V Gu V 289,5 x 298,46 , 

The result is N Te = 4 560 r/min. 

In determining the setting conditions in accordance with the 
flow chart in figure D.6, the following calculation sequence is 
used (the numbers given are those designating individual boxes 
in the flow chart) : 

1-2-3-4-5-39-40- 41 -42 -(43 -44, but 
see the note to F.0.1) — 45 

Since the speeds and the inlet temperatures for the stages are 
variable, the compressor can fulfil the setting conditions as a 
unit. Accordingly, the calculation ends with 46 — 47. 

The test was carried out maintaining the above test conditions. 



Table F.33 — Test conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Inlet pressure 

Inlet temperature 

Humidity of air 

Gas constant 

Inlet temperature of cooling water 


A,1,Te 
't,1,Te 

'W,1,Te 


0,240 9 

15,08 

70 

288,3 

24,8 


bar 

°C 

% 

N-m/|kg-K) 

°C 



Table F.34 - 


Inlet air temperatures at different stages 

Values in degrees Celsius 


Designation 


Design value 


Value to be set 
during tests 


't,1.l 


- 


15 


't.1,11 


40 


30 


't, 1,111 


42 


32 


'u.iv 


45 


34 


't,1,V 


48 


37 
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F.4.6 Test results and conversion 

See tables F.35 to F.37. 



Table F.35 — Test results 



Designation 


Symbol 


Numerical 
value 


Unit 


Test number 




- 


1 


- 


Date of test 




- 


1965-04-26 


- 


Atmospheric pressure 




Pa 


1,010 


bar 


Gas constant 




R 7e 


288,3 


Nm/(kgK) 


Speed 




*Te 


4560 


r/min 


Mass flow*' 




Im.Te 


33 114 


kg/h 


Inlet pressure 




Pt.l.Te 


0,240 9 


bar 


Inlet temperature 




't.l.Te 


15,08 


°C 






r t t 1,Te 


288,23 


K 


Density 




e t1,Te 


0,289 9 


kg/m 3 


Volumetric flow at inlet 

(also usable volumetric flow at inlet) 




<?Kt,1.Te 


114 226 


m3/h 


Discharge pressure 




/>t,2,Te 


1,605 5 


bar 


*) Calculated from the mass flow measured 


in accordance with ISO 5167 


-1. 
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Table F.36 — Calculation results 



Designation 



Symbol 



Numerical 
value 



Unit 



Pressure ratio 

Specific isothermal compression work 

Power absorbed by the gas (compression sections l-V) 
mass flow 

discharge temperature 
inlet temperature 
temperature difference 
power calculated with c p = 1,004 8 kJ/(kg. K) 

Power absorbed by cooling water ( = power absorbed by 
the gas in sections II, III, IV! 

flow of cooling water 

outlet temperature of cooling water 

inlet temperature of cooling water 

temperature difference 

power calculated with c pw = 4,187 kJ/(kg-K) 

Power absorbed by the bearing lubricating oil 

— journal bearing : volumetric flow of oil 

inlet temperature of oil 
outlet temperature of oil 
temperature difference 
mean specific heat 
density 
power 

— thrust bearing : volumetric flow of oil 

inlet temperature of oil 
outlet temperature of oil 
temperature difference 
mean specific heat 
density 
power 
total mechanical power dissipation 

Power requirement 

isothermal compression power 

internal power 

mechanical compressor power dissipation 

power at coupling 

isothermal coupling efficiency 



toWt.Te 

W m,T,t,Te 

<7m.Te 
't,2,Te 
't,1,Te 
A't.Te 
^"in.t.l.Te 



'w,2,Te 
'W,1,Te 
A 'W,Te 
"in,Te 

<?Koil,Te 

f 1,oil,Te 

f 2,oil,Te 

Af oil,Te 

c pM,o\\,Te 

01,oil,Te 

Pf.Je 

*Koil,Te 

f 1,oil,Te 

f 2,oil,Te 

A/ oil,Te 

c /»M,oil,Te 

£l,oil,Te 

^f.Te 

'f.Te 

Pj.Je 

P in,t,Te 

ff.Te 

^e,t,Te 

''T.t.eje 



6,664 6 
157 618 

33 114 

76,62 

15,08 

61,54 

568,8 



186,7 
31,04 
24,80 
6,24 
1 354,7 

2,75 

39,61 

46,86 

7,25 

1,969 3 

0,866 x 10 3 

9,4 

5,62 

39,19 

50,07 

10,88 

1,978 

0,866 x 10 3 

29,0 

38,4 

1449,8 

1923,5 

38,4 

1961,9 

73,9 



ISTm/kg 



kg/h 

°C 

°C 

°C 

kW 



m 3 /h 

°C 

°C 

°C 

kW 

m 3 /h 

°C 

°C 

°C 

kJ/(kg.K) 

kg/m 3 

kW 

m 3 /h 

°C 

°C 

°C 

kJ(/kg-K) 

kg/m 3 

kW 

kW 

kW 
kW 
kW 
kW 
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Table F.37 — Conversion to guarantee conditions (see 8.2.4.1) 



Designation 


Symbol 


Numerical 
value 


Unit 


Test speed 


N Je 


4 560 


r/min 


Design speed 


*Gu 


4 650 


r/min 


Converted volumetric flow at inlet 


*Kt,1.Co 


116,480 


nWh 


Converted isothermal delivery head 


W m,T.t,Co 


163,901 


N-m/kg 


Converted pressure ratio 


<P2//>1>t,Co 


6,665 3 


- 


Converted internal power 


''in.t.Co 


8 008,8 


kW 


Converted mechanical power dissipation 


Pf.Co 


39,6 


kW 


Converted power at coupling 


^e.t.Co 


8 048.4 


kW 



F.4.7 Test uncertainty and comparison with guarantee 

The test uncertainties are calculated in accordance with 9.2. 

The converted inlet volume is slightly higher than guaranteed (see table F.38), even when taking into account the test uncertainties. 

The converted specific power consumption is lower than guaranteed by about 2,96 % (see table F.38). 

The guarantee can be considered to be fulfilled. 

NOTE — When calculating the power absorbed by the gas in compressor sections I and V, the leakage losses were neglected. As the power consump- 
tion is well below the guarantee figure, this simplification is justified. 

The test uncertainty for example 4 is shown in table F.39. 



Table F.38 — Comparison with the guarantee (see 9.4) 



Designation 


Symbol 


Numerical 
value 


Unit 


Guaranteed pressure ratio 


vVPl't.Gu 


6,640 8 


- 


Isothermal delivery head at (/VPlK.Gu 


W mJ,Cu 


163,583 


N-m/kg 


Conversion factor 


W m,T,Gu 
W m ,T,Co 


0,998 1 


- 


Internal power absorption related to (/VPl't.Gu 


''in.Co 


7 993,3 


kW 


Power at coupling 


P e ,Co 


8 032,9 


kW 


Specific power at coupling related to fa/Pih.Gu 


Pe,Co 
1V,tXCo 


0,068 96 


kWh/m3 


Guaranteed specific power at coupling 


^e.Gu 
*Kt,1,Gu 


0,071 06 


kWh/m3 


Deviation from guarantee value of specific power 




-2,96 


% 


at coupling 
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Table F.39 — Resulting test uncertainty 



Designation 


Symbol 


Numerical 
value 


Comments 


Uncertainty in 
volumetric flow at inlet 


T <?m- Te 

T N,Te 

T 7- 1 ,Te 
r res,<7|^,1 


1,0% 
0,22 % 

0,56 % 
0,35 % 
1,22% 


In accordance with ISO 5167-1 

Quality class 0,2; final scale 
value 5 000 

1 mmHg on absolute pressure 

1 ° on absolute temperature 

See 9.2.5 


► See 5.9 


Uncertainty 

in pressure ratio 


r P 2 Je 


1,0 
1,890 
0,64 % 
1,555 % 


Quality class 0,6; final value 10 atm gauge 
See 9.2.6 


Uncertainty 

in power at coupling 


T res, P e 


1,5 % 
10% 
0,33 % 
1,55 % 


Energy balance estimated 

Estimated 

1 ° on absolute temperature (see 5.9) 

See 9.2.7 and table 9 



F.4.8 Comparison of different calculation methods 

A comparison of different calculation methods is given in table F.40. 
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Table F.40 — Comparison of different calculation methods 



Example 4 


Total 


/ Total \ 

( W m = »V«a,ic + ^-^j 


Suction side : total 
Discharge side: static 


Static 


Guarantee conditions 










Inlet pressure 


p OGu = 0,983 5 bar 


Pt,i,Gu = O- 983 5 bar 


Pi \ Gu = O' 983 5 bar 


p ]Gu = 0,981 bar 


Inlet temperature 


't.i,Gu = 25,31 °C 


'm.Gu = 25,31 °C 


't.i.Gu = 25,31 °C 


'i.Gu = 25 °C 


Relative humidity 


<p Gu = 70 % 








Gas constant 


/? Gu = 289,5 Nm 3 /(kgK) 








Isentropic exponent 


*Gu = 1-4 








Volumetric flow of cooling 
water 


«V, w ,Gu = 800 m 3 /h 








Inlet temperature of cooling 
water 


'w,i,Gu = 27 °C 








Object of the guarantee 










Volumetric flow at inlet 


Vv.tXGu = H4 826m 3 /h 


«Kt,i,Gu = 114 826m 3 /h 


9m.i.Gu = 114 826 m 3 /h 


Qv,\, Gu = 115 000m 3 /h 


Discharge pressure 


A,2,Gu = 6 -531 2 bar 


J^.Gu = 6,472 bar 


/>2.Gu = 6 .472 bar 


^2,Gu = 6,472 bar 


Specific power 
requirement at compressor 
coupling 


1 * 1 — f) fi71 flfi LYA/h/ivi3 


j-^-1 = 0,071 06 KWh/m3 


1 — - ) = 0,071 06 KWh/m3 
\Qvx\jG\3 


I — — I = 0,070 96 kWh/m3 


i i u,u/ 1 ud Kwn/nr 

WkO/Gu 


Speed (design) 


Af Gu = 4 650 r/min 








Outside diameter 
of 1st impeller 


D, = 1,12 m 








Density at inlet 


0,983 5 x 10 5 
289,5 x 298,46 


0,983 5 x 10 5 
289,5 x 298,46 


1,138 3 kg/m 3 


_ ^LGu _ 0,981 x 10 5 


1Gu ZxRxT 289,5x298,15 




= 1,138 3 kg/m 3 


= 1,138 3 kg/m 3 




= 1,138 3 kg/m 3 


Inlet temperature of air 
ahead of 










Stage II 


't,i,n,Gu = 40 °C 








Stage III 


't.UH.Gu = 42 °C 








Stage IV 


't.1,IV,Gu = 45 °C 








Stage V 


't.i,v,Gu = 48 °C 









CO *T 

<o ■* 



<o 
to 

<0 



Table F.40 — Comparison of different calculation methods {continued) 



Example 4 


Total 


/ Total \ 
I c 2 2 " C 1 2 I 

I W m '♦'m. static + 2 / 


Suction side : total 
Discharge side : static 


Static 


Test setting 




/V T „ = 4 560 r/min 


N Te = 4 560 r/min 




\l. - rj l/*Te 7 t.1,T« 
^Te ^Gu 1/ „ T 

V *Gu't,1,Gu 


m - w \ R y» T yr» 

V "Gu'l.Gu 


- J |650l/ 288 ' 3x288 ' 23 
V 289,5 x 298,46 


-4 650\/ 288 ' 3x287 - 95 
V 289,5 x 298,15 




= 4 560 r/min 






= 4 560 r/min 


Test results 










Test number 


1 








Date of test 


1975-04-26 








Atmospheric pressure 


p a = 1,010 bar 








Gas constant 


R Ta = 288,3 N-m/tkg-KI 








Speed 


A/ T , = 4 560 r/min 








Mass flow 


9»,t. = 33114kg/h 








Inlet pressure 


p a Te = 0,240 9 bar 


Pl.Te = °- 240 3 O 81 " 


Pti.Te = 0,240 9 bar 


p, Te = 0,240 3 bar 


Inlet temperature 


f t<vre = 15,08 °C 


'o.t.-IWC 


r t1T „= 15,08 °C 


/, T , = 14,08 «C 


Density at inlet 


fft,i,T B = O' 289 9 kfl/m 3 


<?U.T. -_ _ 

^ K Te't.1.T« 

_ 0,240 9 x 10 s 
288,3 x 288,23 

= 0,289 9 kg/m3 


tful.Te = °' 289 9 kg/"" 3 


01,T« ~ 7P -r 

**Te ' 1,Te 

_ 0,240 3 X 10 5 

288,3 x 287,95 
= 0,289 5 kg/m3 


Volumetric flow at inlet 


'JV.t.i.T. = 114 226m3/h 


*t,1,T. 

_ 33,114 
0,289 9 

= 114 226 m3/h 


flKU.T. = 114 226m3/h 


tv.\j% - — — 

_ 33,114 
0,289 5 

= 114 383m3/n 


Discharge pressure 


Pt,2,T. = 1.605 5 bar 


02.Ta = 1*591 bar 


P2, Ta = 1,591 bar 


P2j, = 1,591 bar 






Table F.40 — Comparison of different calculation metnoas \contmuea) 



Example 4 


Total 


• Total v 

1 „/ „/ , c 2 2 " C 1 2 I 
\ "m "m. Malic + t / 


Suction side : total 
Discharge side : static 


Static 


Test calculation 












Pressure ratio 


Pt,2Je _ 1,605 5 


Pzje _ 1,591 


/>2,Te _ 1,591 


ft.Te _ 1,591 






A.i.t« 0,240 9 


Pl.Te 0,240 3 


A,1,Te 0,240 9 


Pl.Te 0,240 3 






= 6,664 6 


= 6,620 9 


= 6,604 4 


= 6,620 9 




Specific isothermal 
compression work 


\A,1,Te/ 


^m,T,Te = 

= ^, T jn('-Wp 2 




^m.T.Te = ^Te^l.Te ln | 


( P2jA 




= 288,3 x 288,23 x In 6,664 6 


= 288,3 x 287,95 x 95 x In 6,620 9 + 

+ 44,77 2 - 21,192 
2 


= 288,3 x 288,23 x In 6,604 4 


= 288,3 x 287,95 x 


95 x In 6,620 9 




= 157 618 N-m/kg 


= 157 697 N-m/kg 


= 156 865 N-m/kg 


= 156 919 N-m/kg 




a) Power absorbed by gas 












Discharge temperature 
total 


't.2,Te - 76,62 


ft.2.Te = 76,62 


't.2.Te = 75,2 


'2.T. - 75,2 




Temperature difference 


A/ = 61.54K 


Af = 61,54 K 


M = 61,54 K 


A/ = 61,54 K 




Power calculated with 
c p = 1,004 8kJ/(kgK) 


*«.t. = 568.8 kw 


P in Te = 568,8 kW 


P in Te = 568,8 kW 


n,.Te - 568-8 kW 




b) Power absorbed by 
cooling water 


^T. = 1 354,7 kW 


^in,Te = 1 354,7 kW 


Pin.Te = 1 354,7 kW 


P m je = 1 354,7 kW 




c) Power absorbed by the 
bearing oil 


P fJe = 38,4 kW 


P, iT , = 38,4 kW 


P fiT . = 38,4 kW 


P, Ja = 38,4 kW 




Internal power 


P in Te = 1 923,5 kW 


P m Te = 1 923,5 kW 


P in Te = 1 923,5 kW 


P mJe = 1 923,5 kW 




Power at coupling 


p *j e = 1 961,9 kW 


P eTe = 1 961,9 kW 


p e ,Te = 1 961,9 kW 


/> eTe = 1 961,9 kW 




Isothermal compression 
power 


P T Te = 1 449,8 kW 


P T Te = 1 450,5 kW 


^T.Te = 1 442,9 kW 


P TTe = 1 443,4 kW 




Isothermal coupling 
efficiency 


'fT.a.Te = 73 & % 


fT,elTe = 73,93 % 


fT.e.Te = 73,55 % 


fT.e.Te = 73,57 % 





Table F.40 — Comparison of different calculation methods {continued) 



rO 



Example 4 


Total 


/ Total \ 

| C 2 2 - C f 

\ W m ^m, static + 5 / 


Suction side : total 
Discharge side : static 


Static 


Conversion to guarantee 










conditions 










Test speed 


N le = 4 560 r/min 


N Te = 4 560 r/min 


N Te = 4 560 r/min 


/V Te = 4 560 r/min 


Design speed 


N Gu = 4 650 r/min 


N Gu = 4 650 r/min 


/V Gu = 4 650 r/min 


/V Gu = 4 650 r/min 


Converted volumetric 
flow at inlet 


N Gu 
<?|/,t,1,Co ~ <?^,t,1,Te T]T~ 


/v Te 


^Gu 
VK.M.Co _ 0K.t,1.TeTr- 

/V Te 


^Gu 




- 114 226 x 465 ° 
4560 


- 114 226 x 465 ° 
4560 




- 114 383 x 465 ° 
4560 




= 116 480m3/h 


= 116 480m3/h 


= 116 480m 3 /h 


= 116 640m 3 /h 


Converted isothermal 
specific compression work 


w -w i N A 2 


^m.T.t.Co ~ m ' Te \~N~ / 


w - w KV 

"m.T.t.Co _ "m,Te \~kj~ f 


HfflTCo _ 156 919 x 4660 




- 157 618 x 4 650 
4560 


- 157 618 x 4650 
4560 


- 156 865 x 465 ° 
4560 






= 163 901 Nm/kg 


= 163 983N-m/kg 


.= 163 118Nm/kg 


= 163 174Nm/kg 


Converted pressure 

ratio 


( — I = 6,665 3 
\Pyjco 


I — | = 6,684 8 
\Pi/co 


I— 1 =6,605 1 


| —| = 6,622 4 

\Pl/Co 


Converted internal power 


P _ P <?i.a. /"guV 

*in,Co - Hnjo l~^ 1 
01. Te \T Je J 


p _ p «1.Gu /^GuV 
r in,Co "~ Hn.Te 1 "= — 1 
£l,Te \ T Te) 


p _ p *1.&. /*Gu\ 3 
'in, Co in.Te T 1 
«?1,Te y'Te/ 


p _ p Cl.Gu /^GuV 

inC0 " ,nJe e,. T . VW 




= 1 923.5 x 1 - 1383 x 4650 ) 3 
0,289 9 \4 560 J 


= 1 923,5 x M38 3 /46S0V 
0,289 9 U 560 I 


-1 923,5 x 1 - 1383 x( 4650 V 
0,289 9 U 560 1 


= 1 923,5 x 11365 x/ 4650 V 
0,289 5 U 560 J 




= 8 008,8 kW 


= 8 008,8 kW 


= 8 008,7 kW 


= 8 007 kW 


Converted mechanical 


P f Co = 39,6 kW 


P, Co = 39,6 kW 


P iCo = 39,6 kW 


Pf.co = 39,6 kW 


power 










Converted power at 


P eCo = 8 048,4 kW 


P BXo = 8 048,4 kW 


P eCo = 8 048,3 kW 


''..Co = 8 O 46 - 6 kW 


coupling 










Comparison with the 










guarantee 


/ n \ 


/ * 


/ \ 


/ \ 


Guarantee pressure ratio 


I — 1 = 6,640 8 
\Pi]gu 


1 —1 = 6,640 8 
^PiIgu 


I — 1 = 6,580 6 


f^l =6,597 3 

\/ > l/6u 



oo 



it 






Table F.40 — Comparison of different calculation methods {concluded) 



Example 4 


Total 


/ Total \ 

\ w m - w„,. t . Iic + c * ~ Cy J 


Suction side : total 
Discharge side : static 


Static 


Comparison with the 
guarantee {continued) 

Isothermal specific 
compression work 
at (/yp,) 6u 

Internal power related 
to {p 2 /p^Gu 

Power at coupling 

Specific power 
at coupling related 
to (/VPi)gu 

Deviation from guarantee 


\Pt.1/Gu 

= 289,5 x 298.46 x In 6,640 8 

= 163 583 N-m/kg 
P mXo = 7 993.3 kW 

/«,_ Co = 8 032,9kW 

''..Co _ 8 032,9 
<3V.t.1,Co "6 480 

= 0,068 96 kWh/m3 

-2.96% 


y/'l/Gu 

c 2 - c 2 
+ 2 ' 

2 

= 289,5 x 298,15 x In 6,597 3 + 

, 45.6S 2 - 21,61 2 
2 

= 163654 N-m/kg 
P in ,c„ = 7992,8 kW 

/> eCo = 8 032.4kW 

^e.co _ 8 032,9 
tf„ Al .co "6 480 

= 0,068 96 kWh/m3 

-2,96 % 


**«,T,l,Gu = *Gu 7 t.1.Gu' n |— "I 

= 289,5 x 298,46 x In 6,580 6 

= 162 796 N-m/kg 
P mCo = 7 992,9 kW 

P eCo = 8 032,5kW 

''e.co _ 8 032,5 
<7ku.co 116 480 

= 0,068 96 kWh/m3 

-2,96% 


\P\jGu 

= 289,5 x 298,15 x In 6,597 3 

= 162 846 N-m/kg 
/Vco = 7990 kW 

P eCo = 8 029,6 kW 

^.Co _ 8 032,9 
Qv.i.co 116 640 

= 0,068 84 kWh/m3 

-2,99% 
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Example 4 

A, = 1,5 x 1 = 1,5 m 2 



. 0,406 4xit 

A 2 = -i — _ = o,129 7 m 2 

4 



IvA.le = 31,78 m 3 /s 

C - " *3f " TT - 2, '' 9m ' S ** » *.«£ - 21.19 x |S - 21*. m/. 

jVje 4 560 

Qv,2je = 5,806 2 m 3 /s 

/- g K2,Te 5,806 2 AA -r. , Nr- aru\ 

C2Je = ~ = 0^297 - "^ m/s C ZGu = 44,77 £* , 44,77 x *« = 45 65 m/s 

*■ N-r 6 4 560 



^«,i,Gu = -^- \F^^ = , 35 ' 76 x W 1 .0x 289.5 x298, J5 

^l/'l.Gu V * 10 5 x 1,5 x 0,981 V 1.4 -0,060 3 



Ma 9 ' 1983 v J 1,0x288,3x288.15 

^'• T - " 10^x1,5x0,240 3 V M = a0579 



i 9 bar 



Afo„„ ^m.Gu JZ*7't,2,Gu 35,76 W289,5x348,35 

U ' Gu " ^/> 2 , G u V" - ^ = 6,472x10^x0,129 7 X V" M = °' 11434 

Ma t2Te = ^J±-\l* RT ^ = 9 - 198 3 J 288,3 x 348,35~ 

" A&ij, V k- 105x0,129 7x1,591 V M = 0,1194 

A.i.Gu = Pi.Gu (1 + J Ma h,G U ) = 0-981 (1 + "Y" x 0,060 3 2 j = 0,983 5 bar 
Pt,i,Te = Pi.Te/l + fMa 2 1Te | = 0,240 3 |1 + ^y- x 0,057 g 2 1 = 0,240! 
PtAQu = />2.GuM + f ^t,2.Gu) = M72 (l + ^ X 0,114 34 2 j 
A,2,Te = P2,Te(l + f ^2,Te) = 1.591 ll + ^y- X 0,114 I 2 ) = 1,6 

r t.i.Gu = 7\gu( — |= 298,15 x I — — jl I = 298,46 K = 25,31 °C 

\l_Azl Ma 2 / \1-I4^x0,0603 2 / 

^ti.Te = h Je l — y } = 287,95 x | -—J ) = 288,23 K = 15,08 °C 

^tATe = 7i,T. I — ~ ) = 348,35 x I — — J = 349,77 K = 76, 

^-~Mal 2 J \ 1 _14^ X0 ,119 4 2 / 



I = 6,531 2 bar 



,605 5 bar 
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F.5 Example 5 — Cooled turbocompressor, 
isentropic exponent K Te = k Gu , speed not 
variable, temperature ratio of cooled section 
variable 

F.5.1 General 

The speed cannot be varied and the temperatures in the cooled 
section are set by means of the flow of cooling water. 

The conversion of uncooled and cooled sections of the com- 
pressor is carried out separately. 

The guarantee conditions, guaranteed performance and other 
design values are given in tables F.41 to F.43. 



F.5.2 Purpose of tests 

The purpose of the tests is to prove the guaranteed power 
requirement for three guarantee points at constant discharge 
pressure. 



F.5.3 Design of installation 

The installation comprises a four-stage turbocompressor for air 
with three intercoolers, inlet guide vanes to Stage I, driven by 
electric motor and gear unit. 



Table F.41 — Guarantee conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Inlet pressure 


A.I.Gu 


0,980 7 


bar 


Inlet temperature 


't,1,Gu 


20 


°C 


Relative humidity 


*>1,Gu 


70 


% 


Gas constant 


^Gu 


288,90 


N-m/(kg-K) 


Isentropic exponent 


*Gu 


1,4 




Overall flow of cooling water 


Qy,\N,Gu 


0,056 944 


m 3 /s 


Inlet temperature of cooling water 


'W,1,Gu 


27 


°C 


Motor speed 


^Pr,Gu 


1 490 


r/min 



Table F.42 — Guaranteed performance 









Numerical value 






Designation 


Symbol 


Guarantee 
point 

(a) 


Guarantee 

point 

(b) 


Guarantee 

point 
(c> 


Unit 


Volumetric flow at inlet 


<7Kt,1,Gu 


7,208 33 


5,763 89 


4,680 56 


m 3 /s 


Discharge pressure 


A,2,Gu 


6,864 9 


6,864 9 


6,864 9 


bar 


Power requirement at coupling 


''e.Gu 


1 970 


1610 


1 390 


kW 


Discharge pressure, Stage 1 


^t,2,l,Gu 


1,700 


1,535 


1,425 


bar 


Discharge temperature. Stage 1 


't,2,l,Gu 


356 


351,2 


350,5 


K 



Table F.43 — Other design values 



Designation 


Symbol 


Numerical 
value 


Unit 


Inlet temperature 
Stage II 
Stage III 
Stage IV 


^t.ll.Gu 
^UII.Gu 
^I.IV.Gu 


310,2 
310,2 
310,2 


K 
K 
K 
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F.5.4 Test set-up 

The test is carried out at the compressor site under atmospheric 
conditions. In this test, it is not possible to judge the inter- 
coolers since a flow of cooling water differing from that of the 
guarantee is admitted because of the deviation in cooling water 
inlet temperatures. 

The test set-up is shown in figure F.1 1, and the test conditions 
are given in table F.44. 

F.5.5 Setting conditions 

Since the speed is not variable, the compressor is run so that 
the air temperatures in the cooled section lie are set to corre- 
spond to the design value. 

In determining the setting conditions in accordance with the 
flow chart in figure D.6 the following calculation sequence is 
used (the numbers given are those designating individual boxes 
in the flow chart) : 



1-2-3-4-5-39-40-41 
see the note to F.0.1) — 45 



42 - (43 - 44, but 



Since it is not possible to set the speed or the inlet temperature for 
Stage !, the compressor has to be divided into two units : 48 — 49. 



Unit I: Stage I (without intercooling) 

Unit lie : Stages II to IV (with intercooling) 

The additional calculation sequence for Unit I is as follows : 

3-4-5-6-7-8-9-10-11-12-13-21- 
22 — 23 — 24 — 25 — 26 — (43 — 44, but see the note to 
F.0.1) - 45 - 46 

The values AK r to) = + 0,05 or AV r tol = - 0,05 are inserted 
in 23. 

The setting conditions for Unit I were maintained in the test and 
the calculation for Unit I ends with 46. 

The additional calculation sequence for Unit lie is as follows : 

3 _ 4 _ 5 _ 39 _ 40 - 41 - 42 - (43 - 44, but see the 
note to F.0.1) — 45 

Since the inlet temperature for the stages in Unit He can be 
varied through the intercoolers, it is possible to maintain the 
setting conditions for Unit lie. The calculation ends with 
46-47. 



Table F.44 — Test conditions 



Designation 



Isentropic exponent 
Inlet temperature 
Mean inlet pressure 
Cooling water temperature 
Gas constant 



Symbol 


Numerical 
value 


Unit 


*Te 


1,4 




't.l.Te 


13 


°C 


Pt,1.Te 


0,980 7 


bar 


'W,1,Te 


19 


°C 


*Te 


287,83 


N-m/(kgK) 



F.5.6 Test results and conversion 

See tables F.45 to F.47. 



Table F.45 — Test results 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Date of test 


- 


1964-03-11 


1964-03-11 


1964-03-11 


- 


Atmospheric pressure 
Gas constant 


Pa 
R 7e 


1,003 
287,8 


1,003 
287,8 


1,003 
287,8 


bar 

N-m/(kg-K) 


Motor speed 

Position of inlet guide vanes 


^Pr,Te 
5 


1 488 
+ 10 


1490 
+ 54 


1 492 
+ 64 


r/min 
degree 


Mass flow (also usable mass flow since measured 
on discharge side) 

Inlet pressure 


Qm.Te 
A,1,Te 


8,608 33 
0,968 9 


6,755 56 
0,982 6 


5,669 44 
0,988 5 


kg/s 
bar 


Inlet temperature 


't.1.Te 


12,1 


12,9 


13,0 


°C 




r t,1,Te 


285,3 


286,1 


286,2 


K 


Density 


£t,1,Te 


1,180 


1,193 


1,200 


kg/m 3 


Volumetric flow at inlet (also usable volumetric 
flow at inlet) 


«K1.Te 


7,295 28 


5,662 78 


4,724 44 


m 3 /s 


Discharge pressure 


Pt.2.Te 


7,531 5 


7,511 9 


7,119 6 


bar 



131 



8 



Gear, including 
compressor bearings 




'2, oil I J '1,oil 

j' <3>j KD 



d> 




fy oil 



H 



'1,1V 

CEH 



>< a 



/N 



-e- 

Ap.icm 



(r 



2,ni 



'2,111 



A,n | 

KD (EH 



>' a 



w 



e- 




^2.1 = V 



IV 



' p 



$_ 





Ap 




I >i.m 






oi 



01 



8± 



(O 
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Figure F.11 — Test set-up for example 5 



IS 14641 : 1999 
ISO 5389:1992 



Table F.46 - Calculation results 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Pressure ratio 


(P2//»1>t 


7,773 


7,645 


7,202 


— 


Specific isothermal compression work 


Wm.T.Te 


168 341 


167 409 


162 614 


N-m/kg 


Terminal power of motor 


"un, Te 


2 168 


1795 


1 549 


kW 


Motor efficiency 


tfPr,Te 


95,4 


95,3 


95,0 


% 


Power at coupling 


'e.Te 


2068 


1711 


1 472 


kW 


Isothermal compression power 


^T.Te 


1 449 


1 131 


922 


kW 


Isothermal coupling efficiency 


fT.e.Te 


70.1 


66,1 


62,6 


% 


Mechanical losses 


^,Te 


70 


70 


70 


kW 


Internal compression power 


"in.Te 


1 998 


1641 


1 402 


kW 



Table F.47 — Conversion to guarantee conditions (see figure D.11) 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


a) Unit I (uncooled Stage 1) 












Volumetric flow at inlet 


?K.t,1,l,Te 


7,295 28 


5,662 78 


4,724 44 


nr^/s 


Discharge pressure 


A>t,2,l,Te 


1,695 6 


1,5544 


1,446 5 


bar 


Inlet pressure 


^t,1,l,Te 


0,968 9 


0,982 6 


0,988 5 


bar 


Pressure ratio 


to^UTe 


1,750 


1,582 


1,463 


— 


Specific isentropic compression work 


"m,s,l, Te 


49 837 


40 354 


33 097 


N.m/kg 


Converted volumetric flow at inlet 


?r,t,1,l,Co 


7,305 00 


5,662 78 


4,718 06 


m 3 /s 


Converted specific compression work 


^m.s.l.Co 


49 975 


40 354 


32 950 


N-m/kg 


Converted pressure ratio 


(/VMj.Co 


1,725 


1,563 


1,446 


— 


Discharge temperature 


't,2,l,Te 


74,6 


71,8 


70,1 


°C 


Inlet temperature 


't,1,l,Te 


12,1 


12,9 


13,0 


°C 


Internal compression power 


p in,l,Te 


542 


401 


326 


kW 


Converted internal compression power 


^in,l,Co 


534 


389 


313 


kW 


b) Unit lie (cooled Stages II to IV) 












Inlet temperature 


't,1,llc.Te 


36,8 


36,6 


36,6 


°C 


Inlet pressure 


Pt,1,llc,Te 


1,695 6 


1,554 4 


1,446 5 


bar 


Density 


£t,1,llc,Te 


1,900 


1,743 


1,622 


kg/m 3 


Volumetric flow at inlet 


9k-,t,1,llc,Te 


4,530 83 


3,875 83 


3,495 28 


m 3 /s 


Converted volumetric flow at inlet 


9K,t,1,llc,Co 


4,536 94 


3,875 83 


3,490 56 


m 3 /s 


Discharge pressure of entire compressor 


Pt,2,Te 


7,531 5 


7,511 9 


7,119 6 


bar 


Pressure ratio 


(Pa^Pl'tJIcTe 


4,442 


4,833 


4,922 


- 


Specific isothermal compression work 


^mj, lie, Te 


133 07R 


140 441 


142 138 


N-m/kg 


Converted specific isothermal compression 
work 


w m,l, He, Co 


133 439 


140 441 


141 657 


N.m/kg 


Converted pressure ratio 1 ) 


(/>2//>l)t,llc,Co 


4,431 


4,795 


4,862 


- 


Internal compression power 2 ' 


"in, llc.Te 


1456 


1240 


1076 


kW 


Converted power related to density 1 ' 


I * \ 


769 


711 


661 


kWm 3 /kg 


\Pty*2Tt,l/llc,Co 
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Table F.47 — Conversion to guarantee conditions (see figure D.11) (concluded) 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


c> Unit llc 3 > (see figure D.11) 
Volumetric flow at inlet 
Appropriate pressure ratio 
Converted internal power 


"7^,1,1, lie, Co 
(/>2Wt.llc,Co 
''in, He, Co 


4,480 28 
4,46 
1 444 


3,833 06 

4,80 

1206 


3,451 94 
4,87 
1 037 


m 3 /s 
kW 


d) Total compressor 

Volumetric flow at inlet 

Converted pressure ratio of Unit I 

Converted pressure ratio of Unit lie 

Converted total pressure ratio 

Converted internal power Unit I 

Converted internal power Unit lie 

Mechanical losses in test 

Converted mechanical losses 

Converted power at coupling (see figure F.13) 

Calculated specific isothermal compression 
' work 

Converted isothermal compression power 

Converted isothermal coupling efficiency 


(P2 / /'l>t / llc,Co 
l/>2/Pl>t,Co 
''in.l.Co 
''in, lie, Co 
Pf.Te 
P 1,Co 
^e.Co 
W m,l, Co 

^T,Co 
''T.e.Co 


7,305 00 

1,725 

4,460 

7,694 

534 

1 444 

70 

70 

2048 

172 837 

1463 
71,4 


5,662 78 

1,563 

4,820 

7,5 

389 

1 206 

70 

70 

1 665 

171 056 

1 120 
67,5 


4,718 06 

1,446 

4,895 

7,0 

313 

1037 

70 

70 

1420 

165 828 

905,8 
63,8 


m 3 /s 

kW 
kW 
kW 
kW 
kW 
Nm/kg 

kW 
% 


1) The converted pressure ratio and converted power related to density are shown over the converted volumetric flow at inlet Unit He, 
<7 KM, He, Co- 

2) The internal compression power is given by 

Hn, llc.Te = "in.Te _ "in, l,Te 

3) Taking the converted pressure ratio of the uncooled Unit 1 into account, the appropriate volumetric flows at inlet for the cooled Unit lie are 
obtained for the individual test points. 



134 



IS 14641 : 1999 
ISO 5389 : 1992 



F.5.7 Test uncertainty and comparison with guarantee 

The test uncertainties are calculated in accordance with clause 9. 

The comparison with the guarantee is carried out as shown in table F.48 (see figure F.14). 

Apart from the test values listed here and designated by the symbol "O" in figures F.12 and F.13, additional test points were run at 
each of the inlet guide vane positions, and these have been evaluated and converted in the same manner. 

All those points have been plotted on figures F.12 and F.13. The power consumption at the guaranteed pressure ratio 7,0 can be ob- 
tained from figure F.14. 

The guarantees are met for two points.The third point shews a slight excess, even after taking into account the measuring error. 

The test uncertainty for example 5 is shown in table F.49. 



Table F.48 — Comparison with the guarantee 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 


Test No. 3 


Unit 


Volumetric flow at inlet 


«e,t,i,Gu 


7,208 3 


5,763 9 


4,680 6 


rr^/s 


Guaranteed power at coupling 


''e.Gu 


1 970 


1 610 


1 390 


kW 


Converted power at coupling 


^e.Co 


1960 


1635 


1 405 


kw 



Table F.49 — Resulting test uncertainty 



Designation 


Symbol 


Numerical 
value 


Comments 


Uncertainty 

in volumetric flow 

at inlet 


r N,7e 

T Pi,Te 
r 7VTe 
T res,qy,1 


1,1 % 
0,07% 

0,14% 
0,35% 
1,165% 


In accordance with ISO 5167-1 

Digital measuring instrument, 
1 revolution on indicator 

1 mmHg on absolute pressure 

1 ° on absolute temperature 

See 9.2.5 


See 5.9 


Uncertainty in pressure 
ratio 


Mp 2 /p-\) 
T P2,Te 

T res,P2/pi 


1,014 
2,051 
0,9% 

1,184% 


Quality grade 0,6; final value 10 atm gauge 
(see 5.9) 

See 9.2.6 


Uncertainty in power 
at coupling 


u 
T P* 
T P< 

r r 1 ,llc,Te 

T T v jJe 

T res,P e 


2954 
0,87% 

2,86% 
0,323% 
0,32% 
1,042% 


Current transformer 0,5; voltage 
transformer 0,5; wattmeter 0,5 

1 ° on absolute temperature 
1 ° on absolute temperature 
See table 9 


See 5.9 
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Figure F.12 — Graphs for comparison with guarantee 
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Figure F.13 — Graphs for comparison with guarantee 
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F.6 Example 6 — Cooled turbocompressor, isentropic exponent K Te * k Gu , real gas (variable 
compressibility factor), variable speed, inlet temperature of cooled section adjustable (within limits) 

F.6.1 General 

The following example applies Schultz's method of polytropic analysis. 

The guarantee conditions, guaranteed performance and other design values are given in tables F.50 to F.52. 

F.6.2 Purpose of tests 

The purpose of the tests is to prove the power requirement guaranteed for the specified point. 

F.6.3 Design of installation 

The installation consists of an eight-stage centrifugal compressor for a hydrocarbon gas mixture and an external intercooler between 
stages IV and V. 

There is a gas turbine drive through speed-increasing gear. 

The specified gas shall be considered as a real gas and therefore the necessary numerical values are given in table F.53 {notably the 
input values for the flow chart in figure D.7, and the mean values of specific heat c pM ). 



Table F.50 — Guarantee conditions 



Designation 


Symbol 


Numerical 
value 


Unit 


Gas handled, volumetric proportion 


n 






carbon dioxide CO2 




0,01 


- 


methane CH4 




0,30 


- 


ethane C2H 6 




0,20 


- 


propane C3Hg 




0,35 


- 


n-butane n-C^H^Q 




0,09 


- 


/-butane /-C 4 Hi 




0,06 


- 


Inlet pressure, absolute 


^t,1,Gu 


3,0 


bar 


Inlet temperature 


r t,1,Gu 


311,2 


K 


Gas temperature after intercooler 


TtAICGu 


318,2 


K 


Speed 


"Gu 


11 000 


r/min 



Table F.51 — Guaranteed performance 



Designation 


Symbol 


Numerical 
value 


Unit 


Usable mass flow 

Discharge pressure, absolute 

Power at coupling including speed-increasing gear 


9m, ut, Gu 

^t,2,Gu 

'e.Gu 


10,0 

34 

2920 


kg/s 

bar 

kW 
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Table F.52 — Other design values 



Designation 


Symbol 


Numerical 
value 


Unit 


Stage IV discharge pressure, absolute 


Pl.2, IV, Gu 


10,3 


bar 


Stage IV discharge temperature 


T l,2, IV, Gu 


377,4 


K 


Compressor discharge temperature 


r t,2, Gu 


400,9 


K 


Impeller diameters 








Stage I 


D| 


0,4 


m 


Stage V 


D V 


0,4 


m 


Compressor flange sizes 








inlet 




0,4 


m 


outlet to intercooler 




0,3 


m 


inlet from intercooler 




0,3 


m 


discharge 




0,2 


m 



Table F.53 — Numerical values of gas specified 





Numerical value 




Symbol 


Stage group 


Stage group 
II 


Unit 


*Gu 


238,66 


238,66 


Nm/{kgK> 


c pM, Gu 


2 021,6 


2 243,75 


J/ikg-K) 


z 1,Gu 


0,975 3 


0,917 5 


- 


-^M.Gu 


0,129 6 


0,443 3 


- 


*M,Gu 


1,039 3 


1,1320 


- 


*1,Gu 


1,1323 


1,087 6 


- 


fpol, Gu 


0,805 


0,63 


- 


"Gu 


1,159 1 


1,172 6 


- 



F.6.4 Test set-up 

The test is carried out at the compressor site, but with a gas differing from the specified gas in both composition and pressure level. 

In this test it is not possible to judge the intercooler, because the cooling water flow must be reduced (the heat flow extracted from 
the gas is much lower than the design value owing to a reduced gas pressure level). 

The test arrangement is shown in figure F.15, which also indicates the type of instruments used. The test conditions are given in 
table F.54. 

The split shaft gas turbine drive allows the speed to be varied within the following limits : 

0,7 < — ^ < 1,05 

^Gu 
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Figure F.15 — Test set-up for example 6 
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Table F.S4 — Test conditions 



Designation 


Symbol 


Numerical 
value 


SI unit 


Test gas, volumetric proportion 


n 






methane CH4 




0,1 


— 


propane C3H8 




0,9 


- 


Inlet pressure, absolute 


/>t,1,Te 


1,1 


bar 


Inlet temperature 


T \AJ« 


308,2 


K 


Lowest possible gas temperature after intercooler 


^t,2,IC,Te, min 


315,2 


K 



F.6.5 Agreements to be made before the test 

Before the test, the following agreements shall be made, 
a) Gas properties 
The gas properties shall be evaluated as follows : 

— the specific heat c p shall be calculated on site 
according to the recommendations given in [6], p. 135; 

— other numerical values, e.g. critical data and 
viscosity of the components, shall be taken from [6], 
which will also be used as a source for all information not 
available in this International Standard; 

— the condensation of hydrocarbons in the intercooler 
shall be checked according to [55]. 

No condensation is expected for the specified con- 
ditions. 



c) Power input 

The power input shall be determined by energy balance. 
Mechanical losses: 

— compressor bearings and floating seal oil rings, 
58 kW at 11 000 r/min, proportional to A/ 1 ' 5 ; 

— step-up gear efficiency, 0,974; 

— compressor internal leakage, 0,5 kg/s at 34 bar 
absolute discharge pressure, proportional to discharge 
pressure (radiation losses neglected). 

d) Computation of test results and conversion to 
guarantee conditions 

These shall be based on total pressures and temperatures. 

Specific compression work : simplified calculation based on 
total conditions, with no separate term accounting for 
dynamic heads at inlet and outlet, is accepted. 



b) Analysis of test gas composition 

Samples taken during trial runs before the test have shown 
only negligible variations in gas composition. 

Gas samples shall be taken before and after the test. Pend- 
ing the results of laboratory analysis, the gas composition is 
considered to be constant. No condensation of hydrocar- 
bons is expected in the intercooler. 

There being only two components, calculation of the 
specific heat c p can be carried out easily with a (program- 
mable) pocket calculator. Graphic interpolation of the func- 
tions given in [6] is used. 

The resiilt is shown in figures F.16 and F.17. 



F.6.6 Determination of the settings 

F.6.6.1 Compressor defined as one unit 

F.6.6. 1.1 In the first place, whether the gas mixtures in 
question can be considered as perfect or near-perfect gases, 
according to table 2, shall be checked. 

The specified gas being a real gas, the necessary information is 
available from design calculations. 

For the test gas, determination of y, X and Y at inlet and 
discharge conditions is required. Therefore the pseudo-critical 
conditions of the mixture, i.e. the critical pressure and 
temperature as well as the acentric factor of the mixture, must 
be calculated to check whether simple linear mixing rules, as 
given in A. 1.5, can be applied. 
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Figure F.16 — Graph for determination of test gas specific heat capacity, c p Te 
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Figure F.17 — Graph for determination of test gas specific heat capacity, c p j e 



IS 14641 : 1999 
ISO 5389 : 1992 



F.6.6.1.2 The pseudo-critical conditions of the test gases are 
given in table F.55. 

The following maximum/minimum ratios are thus obtained : 

*Cr,/, max 



* Cr,/',min 

PCr,/,max 
PCr,/,min 

y Cr,/',max 
v Ci,i,rn\r\ 



= 1,94 
= 1,083 4 
1,341 



The respective limits for simple linear mixing (see A. 1.5) which 
these ratios must satisfy are 



1 Cr, max 

* Cr, min 

and either 

P&ymax 
PCr, min 



<2 



or 



(v Cr M>„ 



is close to unity 



Since the maximum/ minimum ratios calculated do not satisfy 
the limits for simple linear mixing, the more complex mixing 
rules given in [6] shall be used, because under these conditions 
the limits of validity are respected. 

The mixing rules used are 

7*c r = Sr,T Cr/ 

PCr ~ v 71 

where 

R is the gas constant of the mixture, calculated using the 
simple linear mixing rule (perfect gas rule); 

T Cr and p^ T are considered to be the critical data of the 
mixture; 

to is the acentric factor of the mixture. 

F.6.6.1.3 For the mixture critical data, gas constant and 
acentric factor, the following results are obtained : 

R Te = 201 ,36 J/ (kg -°C) 

Pcrje = 42 .79 bar 
r Cr , Te = 351,88 K 

co Te = 0,137 6 



F. 6.6. 1.4 For the specific values of the test gas at the com- 
pressor inlet, the following results are obtained. 

The knowledge of the specific heat c p , compressiblity factor Z 
and derivative compressibility factors X and Y is essential for 
use in the following calculations. 

With the above characteristic data of the test gas mixture and 
the anticipated test conditions given in table F.54, the follow- 
ing results are obtained. 

p - p t , Te = 1,1 bar (absolute) 

T = r t1Ja = 308,2 K 

P<= (p t yp Cr )Te = 0.026 23 

5 r r =<r t yr Cr ) Te = o,875 9 

In accordance with clause A.3 and figure F.18, the following 
values are obtained : 

Z<°> = 0,986 9 

Z (1) = -0,063 

Z T (0) = 1,043 



(D 



= 



Z p (0 » = 1,006 

z p "> - 



In accordance with figure F.16, 
c p = 1766J/(kg°C) 
Z = Z (0 > + toZ m = 0,978 2 
Z T = Z T {0) + wZ T m = 1,043 
Z p = ZM + a>ZW = 1,006 



x ■= -£- - 1 = 0,066 24 



Y = 



IP 



= 1,028 42 



F.6.6.1.5 An estimation of the test discharge conditions is 
necessary in order to calculate the derivative compressibility 
factors A"and Yand the ratio of specific heats y for comparison 
with table 2. 



Table F.S6 — Pseudo-critical conditions of the mixture 



Component 

i 


Mi 


PCr,i 
bar 


T Cr,i 
K 


v O,i 
m3/kg x 10-3 


z Cr, i 


Oil 


CH 4 
C 3 H 8 


16,043 
44,097 


46,00 
42,46 


190,6 
369,8 


6,171 
4,603 


0,288 
0,281 


0,008 
0,152 
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The basis of the estimation is as follows. 

The pressure ratios and polytropic efficiencies of both sections 
of the compressor are assumed to be the same for test and 
specified conditions (i.e. guarantee point). 

As defined in 8.2.4.2, the inlet conditions for section II are the 
following : 

— pressure = pressure upstream of intercooler 

= discharge pressure of section I 

— temperature = temperature after intercooler 

The discharge conditions therefore become 
P\,ZUJe = Pi,2,\Je (/V/>l'uGu 



7"t,2,ll,Te - 7"t,2,IC,Te 



(P2\ m \\. 
\Pl/t.ll,l 



Te 
Gu 



where 

A,2,I.Te = A.l.l.Te^WuGu 

and, anticipating that the test gas follows real gas equations, 
Z K 



m \\,Te = 

in which 



^{7- + *») 

c pM \fpol J 



tl.Te 



'/pol.ll.Te - fpol.ll.Gu 

The above real gas equation is given in 3.5.3.3 (Schultz's 
polytropic analysis). 

The polytropic temperature exponent m Te is calculated with the 
average values of the compressibility factors Z M and X M , and 
the average specific heat c pM , the computation of which re- 
quires the knowledge of T 2 j e . 

The determination of 7", 2 M Te therefore can only be achieved by 
a trial-and-error method, i.e. 

— 1st approximation: pu\m' M = m^, giving T' 2 ; 

— 2nd approximation: calculate m'^ with 7" 2 = T' 2 and 
compare the result T' 2 with the assumed value T' 2 ; 

— 3rd approximation: calculate m'^ with T 2 = T z ' and 
compare the result, T' 2 ", with the assumed T' 2 , and so on. 



F.6.6.1.6 All numerical values refer to compressor section II. 

F.6.6.1 .7 For the specified gas (see table F.53), the following 
relationship is valid : 

fpol.ll,Gu = 0' 63 
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F.6.6.1 .8 According to the anticipated test data and following 
the indications given in F.6.6.1.6, the inlet and discharge con- 
ditions are : 

Temperature : T x f1 M Te = 315,2 K (minimum possible value) 

Pressure :/? t1HTe = P^xjeWPAlGu 
= 1,1 x 3,433 3 
= 3,776 7 bar (absolute) 

Discharge pressure: />,,2,n,Te = Pt,i,n,Te (/V^i't.n.Gu 

= 3,776 7 x 3,300 97 
= 12,467 bar (absolute) 

F.6.6.1. 9 The determination of the discharge temperature is 
illustrated in table F.56. 

The values of the critical data 7* Cr and p Ct , and the gas constant 
R and acentric factor w used are those determined in F.6.6.1 .3. 

The polytropic efficiency i]^ = rj poinGu is known from design 
calculations. 

The results for T 2 show good "convergence"; between the 2nd 
and 3rd approximations the difference in discharge temperature 
is less than 0,1 °C. 

The formula for the polytropic exponent n is given by Schultz 
(see 3.5.3.3). 

The results are as follows : 

Px,2 = Pt.2.\\.ie = 12,467 bar (absolute) 

r t,2 = ^t.zilje = 386,17 K 

F.6.6.1. 10 The data computed for compressor inlet con- 
ditions (see F.6.6.1. 4) now make it possible to decide whether 
the test gas can be considered as near perfect. 

What remains to be done is the calculation of the ratio of 
specific heats (see table F.57). 

Since a negative answer to the above question is anticipated, 
Schultz's formulae for the isentropic exponent k and the ratio 
of specific heats y will be used. 

The admissible limits for the gas mixture to be considered 
as a perfect gas (see table 2), for the given pressure ratio 
Wp^T6= 12,467/1,1 = 11,333, are as follows: 



fe™\ = 1 Q75 

\ymin / tol 



-^max.tol — «'*" 
y max,tol = 1.008 5 
The actual values are as follows : 

*"=. = 1(01 

* max = 0,313 9 
Mnax = ' »086 9 



IS 14641 : 1999 
ISO 5389 : 1992 



Table F.56 — Determination of discharge temperature 







Unit 


Numerical value 


Symbols and formulae 


Inlet (1, II, Te) 


Disc 
1st 


iharge (2, II, 
2nd 


Te) 
3rd 






approxi- 


approxi- 


approxi- 








mation 


mation 


mation 


T t 


K 


315,2 


392,72*1 


385,32*1 


386,17*» 


/'tabs 


bar 


3,776 7 


12,46 


- 


12,467 


T r = T x IT Ct 


- 


0,895 8 


1,116 1 


1,095 6 


1,097 5 


P, = P\IPCr 


- 


0,090 07 


0,297 3 


- 


0,297 3 


Z (0I , 




- 


0,957 


0,924 6 


0,920 8 


0,921 2 


Z I1I 




- 


-0,019 


0,003 8 


0,001 4 


0,001 6 


zf 


• See clause A.3 and figure F.18 


— 


1,106 
0,15 


1,186 
0,107 


1,196 
0,115 


1,195 
0,114 


4°' 




- 


1,010 


1,005 


1,005 5 


1,005 5 


7 (1! 
^P 




- 


-0,002 


-0,032 


-0,029 


-0,029 


c p (see figure F. 16) 


J/(kg.°C) 


1 845 


2254 


2 231 


2232 


Z = Z'°> + «Z (1) 


- 


0,954 4 


0,925 1 


0,921 


0,921 4 


z T = zj 01 + w z|" 


- 


1,1266 


1,200 7 


1,211 8 


1,210 7 


Z p = Z<°> + a>Z<» 


- 


1,009 7 


1,000 6 


1,001 5 


1,001 5 


x-l-i 


- 


0,180 5 


0,297 9 


0,315 8 


0,313 9 


'-* 


- 


1,057 98 


1,081 6 


1,087 4 


1,086 9 


*M 


- 


0,954 4 = Z, 


0,939 8 


0,937 7 


0,937 9 


-*M 




0,180 5 = -*i 


0,239 2 


0,2481 


0,247 2 


y M 


- 


1,057 98 = r, 


1,089 8 


1,071 7 


1,072 5 


c pM 


- 


184 5 = c py 


204 9,5 


2038 


2038 


**= Zm * x( 1 + J r M ) 


- 


0,184 13 = m. 


0,168 6 


0,170 1 


0,170 


Result: T = T, x l^?r 


K 


392,72 


385,52 


386,17 


386,13 


Assumed: 7" 


K 




392,72 


385,52 


386,17 




1 


- 


1,189 6 = n y 


1,161 7 


1,162 2 


1,162 1 




Y M -mU+X M ) 


*) Assumed value. 
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Table F.57 — Calculation of mass thermal capacities 



Symbols and formulae 


Unit 


Numerical value 
Inlet ( 1 , Te) Discharge (2, Te) 


Px. 




bar 


1,1 


12,467 


T t 




K 


308,2 


386,17 


Z 




- 


0,978 2 


0,921 4 


X 




- 


0,066 21 


0,313 9 


Y 




- 


1,028 39 


1,086 9 


C P 




J/(kg-°C) 


176 6 


223 2 


K = 


i 


- 


1,109 2 


1,0600 


Y--ZE-{1+X) 2 

C P 

kY 


y = 


- 


1,1406 


1,152 1 



The conclusion is, therefore, that the test gas cannot be treated 
as a perfect gas if the compressor is to be considered as one 
unit. 

The determination of the settings therefore has to follow the 
flow chart given in figure D.7. 

F.6.6.1.11 The design (specification) and test data available, 
together with the above calculations, combine all information 
necessary, i.e. 

a) gas constant, 

b) isentropic exponent of specified gas and test gas, at 
inlet, and 

c) compressibility factors of specified gas and test gas, at 
inlet, 

to check whether the compressor can be tested as one unit. 

The sequence of calculations starts at step 41 in the flow chart 
in figure D.7 : 

*1,Te = 1 - 1 °9 2 
k 1;Gu = 1,132 3 

*1,Te-*1,Gu = O' 0231 > °' 01 

It is concluded that the compressor cannot be tested as one 
unit, and therefore further subdivision is necessary. 

This means that the determination of the settings must be 
carried out separately for the two stage groups (or sections) of 
the compressor. 

F.6.6.2 Compressor subdivided into two uncooled 
sections 

F.6.6.2. 1 Section I (Stages I to IV) 

F.6.6.2. 1.1 For the sake of completeness the same check as 
carried out above for the compressor as a whole has to be 
repeated here for section I alone. 

The specified gas is to be considered as a real gas. 
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F.6.6.2.1.2 The specific values of the test gas at the inlet are 
given in F.6.6.1.8. 

F.6.6.2.1.3 An estimation of section I test discharge con- 
ditions may follow the guiding principles given in F.6.6.1 .5, i.e. 

A.2,l,Te = A.UTe ( ^2^1>t,l,Gu 
fpol.l.Te = fpol,l,Gu 

These assumptions lead to the determination of the test 
discharge pressure and, by the trial-and-error method 
demonstrated in F.6.6.1 .9, of the test discharge temperature (it 
being anticipated that the calculation will have to follow real 
gas equations). 

In accordance with F.6.6.1. 5, 

p l2 ,| , Te = 1,1 x 3,433 3 = 3,776 7 bar (absolute) 

fpou.Te = 0,805 
The critical gas data and acentric factor are given in F.6.6.1. 3. 
The result is 

Pt,2 - Pt,2,i,Te = 3,776 7 bar (absolute) 

T tl2 = TUi.Te = 364,70 K 

F.6.6.2.1.4 All data required for comparison with table 2 are 
now available, except the ratio y of specific heats at discharge 
conditions which can be calculated as demonstrated in 
table F.59 (see also table F.57). 

The pressure ratio is 3,433 3. 

The admissible limits for the given pressure ratio (see table 2) 
are 

= 1,068 



yVmin/ to) 
^max.tol = O' 08 
IWto. = 1 ' 018 
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Table F.58 — Determination of discharge temperature 



Symbols and formulae 


Unit 


Numerical value 


Inlet (1,1. Te) 


Discharge (2,l,Te) 
1st 2nd 3rd 
approxi- approxi- approxi- 
mation matlon mation 


T X 


K 


308,2 


368,99 *> 


364,37 *» 


364,71 *> 


Pt,abs 


bar 


1.1 


3,776 7 


- 


3,776 7 


c p (see figure F.16) 


J/(kg-°C) 


1766 


2067 


2 042,5 


2048 


Z 


- 


0,978 2 


0,973 1 


0,972 


0,9721 


X 


- 


0,066 21 


0,097 35 


0,099 93 


0,099 67 


Y 


- 


1,028 39 


1,030 36 


1,032 65 


1,032 23 


Z M 


- 


0,978 2 = Z, 


0,975 7 


0,975 1 


0,975 2 


CpM . . 


- 


1 766 = c p t 


1 916,5 


1906,8 


1907 


m = — x - — + X M ] 

C P M \fpol / 


- 


0,145 94 = m y 


0,135 73 


0,136 48 


0,136 45 


Result: T t2 = T t , x |-^\ 
W t ' 1 \Pl/t 


K 


368,99 


364,37 


364,71 


364,70 


\ / 
Assumed : T x 


K 




368,99 


364,37 


364,71 


1 


- 


1,145 76 = *! 


1,133 09 


1,132 88 


1,13310 


y M -«d+jf M ) 


*) Assumed value. 



The actual figures (see table F.59) are 
^L= 1,012 9 

X max = 0,099 67 

r max = 1.032 23 

It may be concluded that the test gas cannot be treated as a 
perfect or near-perfect gas. 

The determination of the settings therefore has to follow the 
flow chart in figure D.7, because the curves which cover the 
range n Te = 1 to 1,2 do not reach beyond a pressure ratio 
(p 2 /pj = 2. 

Table F.59 — Calculation of mass thermal capacities 



Symbol 


Unit 


Numeric 
Inlet 

(1,l,Te) 


:al value 

Discharge 

(2,l,Te) 


Px. 


bar 


1,1 


3,776 7 


T t 


K 


308,2 


364,70 


Z 


- 


0,978 2 


0,9721 


X 


- 


0,066 21 


0,099 67 


Y 


- 


1,028 39 


1,032 23 


C P 


J/(kg°C> 


1766 


2048 


K 


- 


1,109 2 


1,090 94 


y 


- 


1,140 69 


1,126 1 



F. 6.6.2. 1.5 The above calculations, which are necessary for 
the decision whether a gas mixture suspected of following 
real gas equations can be considered as near perfect, have been 
shown in some detail. The object is to demonstrate 
the method. The main difficulty is the interpolation (and 
extrapolation, for small values of reduced pressure p r ) of the 
tables and charts given in annex A. This is best done graphi- 
cally. 



Therefore the compressibility factors given in table A.1 were 
plotted in figure F.18. 



F.6.6.2.1.6 Following D.5.1, all values necessary for the 
determination of the settings for section I of the compressor 
are listed hereafter. 



An exception is information regarding the viscosity, as the 
Reynolds number will be checked after an attempt has been 
made to find a common test speed for both compressor 
sections. 



The input values for the flow chart in figure D.7 which are not 
known already can be easily computed from the figures already 
available. 



The pressure-volume curve of the compressor section is 
expected to be steep. 
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Figure F.18 — Graph for determination of compressibility factors, Z m and Z (1) 
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The input list for the flow chart in figure D.7, referred to sec- 
tion I of the compressor, is as follows. 

General: 

fl = 0,4m 

A y,x,tot = ± 0,01 (inner tolerance limit) 

AK rA - t0) = ± 0,025 (outer tolerance limit) 
Test data : 

Pt.i.i.Te = 1' 1 bar (absolute) 

TIut. = 308,2 K 

«i,l Te = 1,109 2 

R Te - 201,36 J/(kg°C) 

Pl,l,Te = 

^max = 11 000 x 1,05r/min 
W min = 11 000 x 0,7r/min 
Pctje = 41,93 bar 
7"cr,Te= 351,88 K 
c p,t« = ftP-T) (see figure F.17) 
tu Te = 0,137 6 
Specified values : 

Pt.ij.Gu = 3 bar (absolute) 
T x.\,\,Gu = 311,2 K 
Pui,Gu = 10,3 bar 
r Ui,Gu = 377,4 K 
*UGu = 1.132 3 

«»1.l,Gu = ° 

R Gu = 238,66 J/<kg-°C> 
N Go = 11 OOOr/min 

z UGu " °' 975 3 
fpol,l,Gu = 0,805 
"l.Gu - 1-159 1 

F.6.6.2.1.7 The calculation starts at step 3 of the flow chart in 
figure D.7. 

Then follows the determination of the mean polytropic 
exponent of the test gas, assuming that the test pressure ratio 
and test polytropic efficiency have the same values as for 
specified conditions. This calculation is done through steps 
6 — 22. It is a trial-and-error method, the result of which, as 
regards discharge temperature, has already been anticipated in 
F.6.6.2.1.3. 



The results are 

tfpoi,Gu = 0.805 (from input list) 

PlJPx = 3,433 

m = 0,145 94 (step 8) 

Tije = 368,99 K (step 10) 

l^2,Te-^i,Tet = 0.005 09 < 0,01 (step 12) 

but 

\R (1/c p1 - Mc p $\ = 0,016 6 > 0,01 (step 12) 

The calculation therefore follows steps 14 — 20: 
m Te = 0,126 99 (step 19) 

|/M Te -m| = 0,018 95 > 0,01 (step 20) 

Returning through step 21 to step 10 we obtain 
72. Te " 364,37 K (step 10) 

Here again, because the condition regarding the difference in 
specific heats (step 12) is not fulfilled, the calculation leading to 
step 20 must be repeated. 

This time we obtain 

|m Te -m| = |0,128 30- 0,126 99| = 0,001 31 < 0,01 

and the calculation continues through steps 22 and 23 to 
step 24: 

fl Gu = 1,159 1 (from input list) 

/i Te = 1.132 88 

l«Te-nGul = 0,026 2 > 0,002 (step 24) 

Since the condition for the difference in polytropic exponent 
(step 24) is not met, it is not possible to calculate N rtct directly. 
Therefore, after the assumption of a value for A V t x t0 , (step 
X), the calculation follows steps 31 to 40 in order to check 
whether the pressure ratio assumed (step 7) is in accordance 
with the requirements regarding the tolerable ratio of volume 
rate of flow ratios V r 

^ V T,x,t<A w '" be chosen at both theJnner and outer tolerance 
limits, i.e. \ 

APU.w- ±0,01 

ACU,oi= ±0.025 

The aim is to find a common test speed for both compressor 
sections. Otherwise, since the speed is adjustable, strict 
similarity of flow could be attempted, putting AK r x tot = 0. 

The following results are obtained : , 



A V tiXfVA 


+ 0,01 


+ 0,025 


-0,01 


-0,025 




K.2 


1,01 


1,025 


0,990 6 


0,975 


(step 30) 




1,209 


0,627 


2,708 


5,028 


(step 31) 
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Except for A V^x.xtii - * »^25 the answer to step 32 is "yes" and the calculation continues through steps 33 — 40 to steps 27 — 28. 
With \p 2 lpy) = 3,433 = (/VPiIgu we obtain 



/ * \ 


a y r ,x,tot 


+ 0,01 


+ 0,025 


-0,01 


-0,025 




WRZ,T,It, 


^r.tol 


0,986 5 


0,993 7 


0,976 9 


0,969 


(step 40) 


WPlhe 


3,377 


3,433 


3,303 


3,244 


(step 27) 


\V/?z 1 r,; Gu 


&-fe) 




0,056 





0,130 


0,189 


(step 28) 


lte) T .-(i)h- 


no 


yes 


no 


no 


(step 28) 



Note that for A V ti x,ttf = - 0,0T and following step 37, V r2 had to be increased above 1 + A V t x t0) = 0,99, according to step 38. 

For A V ti x,ta - ± 0,025 the calculation sequence jumps directly from step 32 to step 40. 

The conclusion is that except for AK r $x ,va = + 0,025 it is necessary to repeat the above calculation, starting at step 9 of the flow 
chart, and assuming that 



Pi Ap2\ 
P\ \P\) 



Te 



The following results are obtained : 



AK rXt0 , 


+ 0,01 


-0.01 


-0,025 




WpJ 


3,377 


3,303 


3,244 




p 2 [in bar (absolute)] 


3,715 


3,633 


3,568 


(step 9) 


T 2 (in kelvins) 


368,11 


366,93 


365,97 


(step 10) 


\Z 2 -Zy\ 


0,004 8 


0.004 52 


0,004 23 


(step 12) 


I \ C P1 C P2 ) 




0,016 4 


0,016 2 


0,015 9 


(step 12) 


\m u -m\ 


0,010 08 


0,009 86 


0,009 63 


(step 20) 



Only for A V t XAsA = + 0,01 does the above first approximation not fulfill the condition | m Te - m \ < 0,01 , therefore requiring a second 
approximation starting again at step 10. 

Finally we obtain 



"Te 


1,13046 1,13178 1,13313 (step22) 


</>2/Pl>Te 


3,368 3,300 3 245 


|\Pl/Te \P1/ 




0,009 0,003 0,001 


&-o 


< 0,01 ? 


yes yes yes 


^r,tol 


0,984 8 0,976 2 0,969 1 


NOTE - Following step 37, K r 2 has to be increased to 0,990 7 for A V, Xu>) = - 0,01 . 
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It is now possible to calculate the test speeds for the inner and 
outer tolerance limits (step 26) : 

^Te = ^ ^Te^1,Te^t,1,Te 

^Gu ' ^Gu^l.Gu^tl.Gu 

The numerical results are 

R 7e^je T t,\Je « 201,36 x 0,978 2 x 308,2 J/kg 
rtQiAGuTuGu = 238,66 x 0,975 3 x 311,2 J/kg 



WtJCM 


+ 0,01 


+ 0,025 


-0,01 


-0,025 


N i.v*.\ 


0,984 8 


0,993 7 


0,976 2 


0,969 1 




0,901 5 


0,909 7 


0,893 7 


0,887 2 



F. 6.6.2. 2 Section II (Stages V to VIII) 

NOTE — Determination of the settings is to follow the same pattern as 
used for section I. Therefore mostly numerical results will be given 
hereafter, with only a minimum of explanatory remarks. 



F. 6.6.2.2.1 As regards the specified gas, from design calcu- 
lations, the gas is to be considered as a real gas. 



F.6.6.2.2.2 Data already available for the test gas are given in 
F.6.6.1.9 and F.6.6.1.10. The additional data to be determined 
here are the isentropic exponent k and the ratio of specific 
heats y at section II inlet. 

The results are 



Symbols 


Inlet 

(1,ll,Te) 


Discharge 

(2,ll,Te) 


X 


0,180 5 


0,313 9 


Y 


1,057 98 


1,086 92 


K 


1,095 5 


1,060 


y = kY 


1,1590 


1,152 1 



F.6.6.2.2.3 The pressure ratio p 2 lp-\ being 3,301 = (p 2 lp]) Gw 
from table 2, the derivate compressibility factors X and Y 
preclude the use of perfect gas equations. 

F.6.6.2.2.4 All data for the flow chart in figure D.7 necessary 
to complete a list similar to that computed in F.6.6.2.1.6 for 
section I are already known. 

Here too the pressure-volume curve of the compressor section 
is expected to be steep. 

The input list for the flow chart in figure D.7 referred to section 
II of the compressor, is as follows. 

General: see F.6.6.2.1.6 



Test data : the lowest possible inlet temperature is chosen, so 
as to obtain a test speed as close as possible to that found for 
section I. 

A,i,n,Te = 3,776 7 bar (absolute) 
'Vuije = 315,2 K 
fl.ll.Te = L095 5 
Other data: see F.6.6.2.1.6 
Specified values : 

A.ui.Gu = 10,3 bar (absolute) 

^t.i.n.Gu = 318,2 K 

Pt,2,n,Gu = 34 bar (absolute) 

7"tAH,Gu = 400.9 * 

Kl.ii.Gu =1.087 6 

Zl,n.Qu = 0,917 5 

fpoUI.Gu = O- 63 

"ll.Gu = 1.172 6 

Other data : see F.6.6.2.1.6 



F. 6.6.2. 2.5 The calculation starts at step 3 of the flow chart in 
figure D.7. 



The results are 




Tpol = 0. 63 = '/poi.Gu 


(step 6) 


p 2 /p : = 3,301 


(step 7) 


m = m^ = 0,184 13 


(step 8) 


T ZTa = 392,72 K 


(step 10) 



I Z 2 j e ~ Zl.Tel = °.029 27 > 0,01 (step 12) 
The calculation continues with step 14, ending at step 22. 
m Xe = 0,168 64 (step 19) 

I "» Te - m | = 0,015 49 > 0,01 (step 20) 

The above calculation is then repeated, assuming that 
m = m Te : 

T 2Je = 385,52 K 

l Z 2,Te- z l.Tel = 0,033 39 > 0,01 

m Te = 0,170 05 (step 19) 

|m Te - m\ = 0,001 41 < 0,01 (step 20) 

This time we can proceed through step 22 to step 24: 
n Te = 1,162 16 (step 22) 

I "Te ~ "Gu I = °'°1 ° ** > °'002 < ste P 24) 

NOTE — n Gu is taken from the input list. 
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As for section I, the calculation has to follow steps 30 — 40 of the flow chart in figure D.7. Here again, A V rXKA will be chosen at both 
the inner and the outer tolerance limits. 

The results are 



A^A-.tol 


+ 0,01 


+ 0,025 


-0,01 


-0,025 




^r.2 


1,01 


1,075 


0,99 


0,975 


(step 30) 


\/>1 /Ex 


0,553 


0,062 4 


5,071 


19,58 


(step 31) 



The answer to step 32 being "no" in all cases, the calculation continues (to step 41) with step 27: 



Wr,tol 


0,938 1 1,005 8 0,987 5 0,979 4 (step 40) 


WPlhe 


3,304 3,361 3,228 3,171 (step 27) 


\Pl/Te \/>1/ 




0,003 0,060 0,073 0,130 (step 28) 


\/>l/Te \p,j 


< 0,01 ? 


yes no no no (step 28) 



Except for AK r x tol = + 0,01, the above calculation shall be repeated, assuming that 

Pi = (Pl\ 
P\ \/M/Te 



The results are 



AK rXtol 


+ 0,01 


+ 0,025 


-0,01 


-0,025 


P%IP\ 


- 


3,361 


3,228 


3,171 


tn = /M-) 


- 


0,1841 


0,184 1 


0,184 1 


T z je Jin kelvins) 


- 


394,03 


391,11 


389,83 


\ Z 2Je- Z 1jJ 


— 


0,028 7 
> 0,01 


0,027 59 
> 0,01 


0,027 09 
> 0,01 


m 7e 


— 


0,168 4 


0,168 8 


0,169 


\m Je ~m\ 


— 


0,015 7 
> 0,01 


0,015 3 
> 0,01 


0,151 
> 0,01 
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For the second approximation, with m = m Te , the following 
results are obtained : 



In order to stay within the inner tolerance limit, the following 
minimal inlet temperature to section I would be necessary : 



A^rXtol 


+ 0,01 +0,025 -0,01 -0,025 


T 2 j e (in kelvins) 


- 386,58 384,12 383,07 


l Z 2,To~ Z 1,Tel 


- > 0,01 > 0,01 > 0,01 


m Te 


- 0,170 0,170 2 0,170 4 


|wj Te - m\ 


- < 0.01 < 0,01 < 0,01 


"Te 


- 1,16460 1,16363 1,16393 


l«Te~"Gul 


— > 0,002 in all cases 


H 

\P1 / Ex 


- 0,014 4 5,917 29,097 


N T,t<* 


- 1,007 5 0,988 5 0,980 5 


WPlhe 


- 3,370 3,233 3,177 


\p%)ye \pi) 




- 0,009 0,005 0,006 

- < 0,01 < 0,01 < 0,01 



The answer to step 28 being "yes", we can now calculate the 
test speed. 

The numerical results are 

^Te^ijeT't.l.Te = 201,36 x 0,954 49 X 315,2 J/kg 
^6u^i,Gu7" t ,i,Gu = 238,66 x 0,917 5 x 318,2 J/kg 



AK r< A-,tol 


+ 0,01 


+ 0,025 


-0,01 


-0,025 


N r.V*,\\ 


0,9981 


1,007 5 


0,988 5 


0,980 5 




0,930 6 


0,939 4 


0,921 7 


0,914 2 



Comparison with the test speeds found for section I shows that 
there exists no common test speed for both sections, for the 
test gas inlet temperature chosen. 

As the inlet gas temperature to section II cannot be reduced, 
the only way to achieve a common test speed is to increase the 
inlet gas temperature to section I. 

Assuming that AT rt0 | and the compressibility factor Z 1 remain 
unchanged, the test speed varies with the square root of the 
absolute gas inlet temperature, i.e. 



\N Cu J 



T XXJe = 308,2 x 



/ 0,921 7 \ ; 
\0.9015/ 



= 322,2 K 



This is a considerable increase and the corresponding higher 
discharge temperature of section I might render it impossible to 
keep the inlet temperature to section II at the chosen level 
(because of the intercooler capacity). 

Within the outer tolerance limit the required inlet temperature 
to section I is much lower : 



•••"-^(wi) 2 - 3 "^ 



In order to provide for a safety margin, the same test gas inlet 
temperature will be used for both compressor sections, i.e. 

7t,i,i,Te = 315 '2 K = T t #1 ,| Te 



F.6.6.2.2.6 Determination of the settings must now be 
repeated for section I, but only at the outer tolerance limit 

A*Uto. = + ' 025 

With the increased test gas inlet temperature, the correction of 
the input list for the flow chart in figure D.7 is obtained as 
follows. 

Inlet conditions : 

A,i,i,Te = 1»1 Dar (absolute) 

7-t,i.i,Te = 315.2 K 

*1.l,Te = 1-116 66 
Additional values : 

Z 1>Te = 0,987 1 

A-, Te = 0,053 14 

y 1fTe = 1,018 14 
From the flow chart in figure D.7, the following is valid : 

^po, = 0,63 

p 2 /p y = 3,433 

m = m, = 0,143 2 

r 2Je = 376,10 K 

|22,Te-^1.Tel = 0,012 2 > 0,01 

m Te = 0.133 20 

l m Te~ m l = °.01, not < 0,01 as required 
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The above calculation is then repeated with m = m Te : 

r 2/Te = 371 ,49 K 

m Te = 0.134 03 

|/n Te -/n| = 0,000 83 < 0,01 

n Te = 1,136 61 

i"T e ~ «Gul = O' 022 52 > 0,002 
Additional values : 

*2, Te = 0,093 5 

>Vre= 1,029 2 

z 2,Te = O'STS 9 

c p2je = 2 077,6J/(kg°C) 

Comparison with F.6.6.2.1.4 shows that here too the test gas 
must be considered as a real gas. 

We now continue with steps 30 and 31 of the flow chart : 



*V,.XM 


+ 0,025 + 0,023 7 


K.2 


1,025 1,023 7 


(-) 

\Pl/Ex 


0,515 9 0,553 1 


^r.tol 


0,996 4 0,995 8 


Wt- 


3,447 3,442 


\PlJTe \P:J 




0,014 0,009 
> 0,01 < 0,01 



Note that in order to fulfill the condition 
3,01 



\/>l/Te [Pl)\ 



A V t xtol had to be chosen somewhat smaller than the outer 
tolerance limit, i.e. + 0,023 7 instead of + 0,025. 

The test speed now becomes 



N- 



N. 



. 0,9958 x a/201>36x 0,9871x315,2: = 
V 238,66x0,975 3x31 1,2 



F.6.6.2.3 Choice of test speed 

Comparison with the requirements for section II shows that it is 
now possible to choose a common test speed for both com- 
pressor sections. 



With comparison of the Reynolds number for the test and 
specified conditions still to be performed, the speed chosen is 



N- 



N t 



Te 
Gu 



= 0,925 



^Te = 10 175 r/min 

This test speed lies within the outer tolerance limit for section 1 
and within the inner tolerance limit for section II. 



F.6.7 Test results 

F.6.7.1 Compressor section I 

F.6.7. 1.1 General 

The test results are shown in table F.60. 

F.6.7.1. 2 Evaluation of test results 

Following clause 8, in particular 8.2.3.3, 8.2.3.4 and figure D.9, 
the next steps will be 

a) calculation of inlet and discharge total pressure; 

b) determination of compressiblity functions required for 
the application of figure D.9. 

F.6.7.1.3 Calculation of total inlet pressure (see table F.61) 
According to 8.1.3 the following approximation can be used : 

^ = 1 +^Ma? 
P 2 4 



where 
A/a, 



_ 1m i jZRT t 



P\ 
(Condition: — < 1,05) 
P 

Gas constant: R Te = 201,36 J/(kg°C) 

Flange size : D = 0,4 m 

A = 0,126 m2 

Since the measured pressures and temperatures are not very 
different from the conditions assumed for the determination of 
the settings (1,1 bar; 315,2 K), the compressibility factor Z, 
and isentropic exponent /c 1 shall be taken in accordance with 
F.6.6.2.2.6: 

Z, = 0,987 1 = Z 1( | #Te 

k, - 1,116 66 = *e UT „ 
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Table F.60 — Test results 



Designation 


Symbol 


Test No. 1 


Numerical value 
Test No. 2 Test No. 3 


Test No. 4 


Unit 


Gas constant 


R Je 


201.36 


- 


- 


201,36 


J/(kg-°C> 


Speed 


"Te 


101 75 


- 


- 


101 75 


r/min 


Mass flow (usable) 














in accordance with ISO 5167-1 


?m,ut,Te 


3,936 8 


4,0281 


4,092 8 


4,153 3 


kg/s 


Inlet and discharge conditions 














Inlet pressure (static) 


PUTe 


1,110 


1,102 


1,099 


1,097 


bar 


Inlet temperature (total) 


r t,1,l,Te 


314,7 


315,1 


315,4 


315,3 


K 


Discharge pressure (static) 


P2.\Je 


4,125 3 


3,909 


3,759 8 


3,609 5 


bar 


Discharge temperature (total) 


T X.2.\,Te 


373,96 


372,87 


372,19 


371,06 


K 



Table F.61 — Calculation of total inlet pressure 



Symbol 


Test No. 1 


Numeric 
Test No. 2 


sal value 
Test No. 3 


Test No. 4 


Unit 


A/fir, 


0,066 5 


0,068 1 


0,070 


0,071 1 


- 


P\AlP-\ 


1,002 48 


1,002 64 


1,002 74 


1,002 83 


- 


Px.,\ = Pt,1,l,Te 


1,1127 


1,1049 


1,102 


1,100 1 


bar 



Table F.62 — Calculation of total discharge pressure 



Symbol 


Test No. 1 


Numeric 
Test No. 2 


,al value 
Test No. 3 


Test No. 4 


Unit 


Ma t 


0,035 


0,037 7 


0,039 8 


0,042 


- 


Pt,2^P2 


1,000 666 


1,000 776 


1,000 864 


1,000 963 


- 


P\.2 = A,2,l,Te 


4,128 


3,912 


3,763 


3,613 


bar (absolute) 



F.6.7.1.4 Calculation of total discharge pressure (see table 
f.62) 

Flange size : D = 0,3 m 

A = 0,070 7 m2 

Here the same simplificaticn as used for inlet pressure shall be 
used. 

The compressibility functions Z and k can be derived from the 
calculation already completed in F.6.6.2.2.6, with 

1 



Z2R , 

C P2 
Z = 0,973 9 = Z UTe 

K = 1,091 3 = K 2 ,l,Te 

A subsequent check will show whether this simplification is 
admissible. 



F.6.7.1.5 Calculation results 

Table F.63 gives the following results: 

a) reduced pressure p T and reduced temperature T T ; 

b) compressibility factors Z <0) and Z (1) and derivative 
compressibility factors ZJ 01 , ZJ", Z<°> and Z<» as a function 
of reduced pressure and temperature, according to annex A 
and figure F.18; 

c) compressibility factor Z and derivate compressibility 
factors Z T and Z v resulting from the above figures in com- 
bination with the acentric factor of the test gas (see 
annex A); 

d) compressibility functions X and Y (see annex A); 

e) specific heat 

c p = c Pf Te <see figures F.16 and F.17). 

All the above values shall be determined for inlet and discharge 
conditions. 
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Table F.63 — Calculation results 



Designation 


Symbol 


Test No. 1 


Numeric 
Test No. 2 


sal value 
Test No. 3 


Test No. 4 


Unit 


Inlet 

(subscript to all symbols: 1,l,Te) 


Pr 
7V 


0.026 54 
0,894 3 


0,026 35 
0,895 5 


0,026 28 
0,896 3 


0,026 24 
0,896 


bar 
K 




z«» 


0.987 8 


0,987 9 


0,987 9 


0,987 9 


- 




z u> 


-0,005 1 


- 0,005 1 


-0,005 


-0,005 


- 




Z<?> 


1,039 


1,039 


1,039 


1,039 


- 




z (1) 


0,046 


0,046 


0,045 


0,04 


- 




7 {0) 
P 


1,005 


1,005 


1,005 


1,005 


- 




4" 














- 




z 


0,987 1 


0,987 2 


0,987 2 


0,987 2 


- 




Zj 


1,045 3 


1,045 3 


1,045 2 


1,004 5 


_ 




Z P 


1,005 


1,005 


1,005 


1,005 


- 




X 


0,059 05 


0,058 93 


0,058 73 


0,058 03 


- 




Y 


1,018 19 


1,018 08 


1,018 02 


1,018 02 


- 




C P 


1 796,0 


1 797,0 


1 799,0 


1798,5 


J/(kg-°C) 


Discharge 

(subscript to all symbols: 2,l,Te) 


Pr 

~r 


0,098 45 
1,062 9 


0,093 30 
1,0598 


0,089 75 
1,057 8 


0,08617 
1,054 6 


bar 

K 




2<°> 


0,972 2 


0,973 4 


0,974 3 


0,975 2 


- 




Z (1) 


-0,002 


- 0,002 1 


-0,002 


-0,002 1 


- 




z}°> 


1,057 


1,058 


1.057 5 


1,055 8 


- 




4" 


0,043 


0,049 


0.049 


0,045 


- 




z « 


1,002 


1,002 


1,002 


1,002 


- 




*J" 


-0,004 








+ 0,002 


- 




z 


0,971 9 


0,973 2 


0.974 


0,974 9 


- 




Zl 


1,062 9 


1,064 7 


1,064 2 


1,062 


- 




Z P 


1,00145 


1,002 


1,002 


1,002 8 


- 




X 


0,093 6 


0,094 11 


0,092 62 


0.089 38 


- 




Y 


1,030 38 


1,029 63 


1,028 72 


1,028 12 


- 




C P 


2 092,6 


2 085,5 


2 080,1 


2 075,5 


J/(kg°C) 



F.6.7.1.6 Verification of inlet and discharge total pressure 



With the data from table F.63, the exact value of the isentropic exponent can now be calculated, according to Schultz's formula 
table F.64): 



1 



K = 



ZR 



(1 +X) 2 



Table F.64 — Values of isentropic exponent 



Symbol 


Test No. 1 


Numeric 
Test No. 2 


;al value 
Test No. 3 


Test No. 4 


Unit 


K 1,l,Te 
*2,l,Te 


1,1185 
1,088 7 


1,118 5 
1,090 3 


1,1184 
1,091 5 


1,1182 
1,0918 
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It is now possible to check the calculation of absolute pressure 
made in F.6.7.1.3 and F.6.7.1.4, notably for discharge con- 
ditions. 

The ratio /> t /p being small, considerably below 1,05, no relevant 
numerical difference can be found. The above total pressures 
and the compressibility functions in table F.63 will therefore be 
used in the following. 

F.6.7.1.7 Input values for figure D.9 

Evaluation of the test results continues with the computation of 
the mean compressibility functions required for the application 
of the formulae given in the calculation flow chart in figure D.9. 

The values to be calculated are 

a) the compressibility factor 

7 Z 1 + Z 2 

b) the compressibility functions 
A', + X 2 



Xm ~ 



Ytji — 



2 

y, + y 2 



c) the specific heat 

c pM ~ 2 

The input values calculated are given in table F.65. 



F.6.7.1.8 Calculation according to figure D.9 

The calculation continues with the computation of the test 
values to be converted to specified conditions in accordance 
with figure D.9 (Schultz's method of polytropic analysis). 

These values are 

a) the inlet volumetric flow q K,t,i,Te 9'ven by 



Qv.t.ije 



/<?m.utZl*7ll \ 
\ P\A he 



b) the pressure ratio (Pt^Pt^he 

c) the polytropic temperature exponent m Te given by 
log {T t2 /T t ,) 



™Te = 



Te 



log (p t yp,,i>_ • 

d) the polytropic exponent n Je given by 

1 



"Te 



Y M - m (1 + X M ) 



Te 



e) the specific polytropic compression work W mpo | Te 
given by 



n-1 



W. 



m,po!,Te 



wr^y 



~ 1 



f) the polytropic efficiency ^ po) Te given by 
RZ M 



1po\Je 



\ mc pM ~ RZ M^MJ 



M^M/Te 



The calculation results are given in table F.66. 



Te 



Table F.65 — Input values for figure D.9 



Symbol 




Numerical value 




Unit 


Test No. 1 


Test No. 2 


Test No. 3 


Test No. 4 


Z M,l,Te 


0,979 49 


0,980 16 


0,980 62 


0,981 04 


- 


-^M.l.Te 


0,076 33 


0,076 52 


0,075 68 


0,073 71 


- 


y M,l,Te 


1,024 28 


1,023 86 


1,023 37 


1,023 07 


- 


c pM,l,Te 


1 944,3 


1941,3 


1 939,6 


1 937,0 


J/(kg°CI 



Table F.66 — Calculation results according to figure D.9 



Designation 


Symbol 


Test No. 1 


Numeric 
Test No. 2 


sal value 
Test No. 3 


Test No. 4 


Unit 


Volume flow 


0K,t,1,l,Te 


2,212 9 


2,283 4 


2,328 5 


2,366 3 


nWs 


Pressure ratio 


<Pt,2//>t,l'l,Te 


3,709 7 


3,540 6 


3,414 7 


3,284 3 


- 


Polytropic temperature exponent 


m l,Te 


0,131 61 


0,133 15 


0,134 81 


0,136 94 


- 


Polytropic exponent 


"l,Te 


1,132 98 


1,135 69 


1,138 49 


1,141 50 


- 


Specific work 


"m,pol,l,Te 


88 642 


85 481 


83 045 


80 305 


J/kg 


Polytropic efficiency 


'fpolJ.Te 


0,819 


0,811 


0,801 


0,788 


- 
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F. 6.7.2 Compressor section II 

F.6.7.2.1 General 

The test results are shown in table F.67. 

The inlet pressure is the discharge, pressure of section I (see 
8.2.4.2). 

The usable mass flow, compressor speed and gas constant are 
the same as for section I (see table F.60). 

Computation of the test results shall follow the same pattern as 
for section I. In the following subclauses therefore, only the 
results are given. 

F.6.7.2.2 Calculation of total discharge pressure (see table 
F.68) 

Flange size: D = 0,2 m 

A = 0,031 4 m2 



As a first approximation of the compressibility factor Z 2 and 
isentropic exponent k 2 , the values resulting from the above 
calculations made for the determination of the settings will be 
used. Since the test speed corresponds to the inner tolerance 
limit, the arithmetical mean of the values found for AK f x t0) = 
+ 0,01 and A V x XtlA = - 0,01 is chosen. The results are 



* V tJC,VA 


+ 0,01 


-0,01 


T t2 (in kelvins) 


385,52 


384,12 


2 2 


0,920 99 


0,921 90 


*2 


1,059 9 


1,062 31 



which gives the mean values 
Z 2 = 0,921 4 
k 2 = 1,061 1 



Table F.67 — Test results 



Designation 


Symbol 


Test No. 1 


Numeric 
Test No. 2 


:al value 
Test No. 3 


Test No. 4 


Unit 


Inlet and discharge conditions 














Inlet pressure (total) 


ft,1,ll,Te 


4,128 


3,912 


3,763 


3,613 


bar 


Inlet temperature (total) 


^.IJlJe 


314,8 


315,1 


315,5 


315,3 


K 


Discharge pressure (static) 


P2.H,Te 


14,466 


13,045 


11,445 


9,533 6 


bar 


Discharge temperature (total) 


r t.2,ll,Te 


389,37 


386,0 


381,88 


377,18 


K 



Table F.68 — Calculation of total discharge pressure 



Symbol 




Numerical value 




Unit 


Test No. 1 


Test No. 2 


Test No. 3 


Test No. 4 


Ma t 


0,022 6 


0,025 5 


0,029 4 


0,035 6 


- 


P\2JPl 


1,002 7 


1,000 35 


1,000 46 


1,000 68 


- 


Pt,2 = Pt,2,ll,Te 


14,47 


13,05 


11,45 


9,54 


bar 
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F .6.7.2.3 Calculation results 

Table F.69 shows the calculation results for reduced pressures and temperatures, compressibility factors, compressibility functions X 
and Y, and specific heat. 

F.6.7.2.4 Verification of total discharge pressure 

The calculation of the isentropic exponent at discharge conditions resulting from the data given above gives the results shown in 
table F.70. 

Here again, the recalculation of total discharge pressure using the above exact values of Z 2 and k 2 shows no significant corrections, 
as the ratio p x 2/P2 '« 'o w - Trie above total pressures and compressibility functions will therefore be used in the following. 

Table F.69 — Calculation results 



Designation 


Symbol 


Test No. 1 


Numeric 
Test No. 2 


al value 
Test No. 3 


Test No. 4 


Unit 


Inlet 

(subscript to alt symbols: 1,11, Tel 


Px 


0,098 45 
0,894 6 


0,093 30 
0,895 5 


0,089 75 
0,896 6 


0,086 17 
0,896 


bar 
K 




z (0) 


0,952 7 


0,955 3 


0,957 4 


0,959 


- 




z (1) 


- 0,012 3 


-0,020 


- 0,018 8 


- 0,018 2 


- 




z™ 


1,113 


1,111 


1,110 


1,100 


- 




z (1) 


0,185 


0,17 


0,144 


0,145 


- 




7 (0) 


1,010 


1,010 


1,009 


1,009 


- 




7(11 


-0,002 


-0,002 


- 0,002 5 


-0,002 


- 




z 


0,949 8 


0,952 6 


0,954 8 


0,956 5 


- 




Zj 


1,1385 


1,134 4 


1,129 8 


1,1200 


- 




Z P 


1,009 9 


1,009 7 


1,008 7 


1,008 7 


- 




X 


0,198 67 


0,190 90 


0,183 28 


0,170 89 


- 




Y 


1,063 27 


1,060 03 


1,056 39 


1,054 60 


- 




C P 


1852,6 


1847,5 


1847,0 


1845,0 


J/<kg°C) 


Discharge 

(subscript to all symbols: 2,ll,Te) 


Pi 


0,345 1 
1,106 8 


0,311 2 
1,097 1 


0,273 1 
1,085 5 


0,227 5 
1,072 


bar 

K 




z<°> 


0,910 9 


0,917 8 


0,925 


0,935 8 


- 




Z (1) 


0,004 5 


0,0018 


-0,000 5 


-0,002 5 


- 




Zf 


1,226 


1,205 


1,180 5 


1,151 


- 




Z T 


0,122 


0,121 


0,111 


0,103 


- 




r(0) 
^p 


1,005 5 


1,0061 


1,004 5 


1,004 


- 




z p 


-0,028 


-0,025 


- 0,016 


-0,005 


- 




z 


0,911 5 


0,918 1 


0,924 9 


0,935 5 


- 




Zt 


1,242 8 


1,221 7 


1,1953 


1,1652 


- 




Z P 


1,00165 


1,002 66 


1,002 3 


1,003 1 


- 




X 


0,363 42 


0,330 70 


0,292 28 


0,245 57 


- 




Y 


1,098 88 


1,09217 


1,083 65 


1,072 54 


- 




C P 


2 267,5 


2 240,3 


2 206,7 


2 168,5 


J/(kg-°C) 



Table F.70 — Isentropic exponent values 



Symbol 


Test No. 1 


Numeric 
Test No. 2 


:al value 
Test No. 3 


Test No. 4 


Unit 


*2,ll,Te 


1,054 4 


1,057 


1,060 8 


1,066 4 


- 
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F.6.7.3 Conversion to guarantee conditions 
F.6.7.3.1 General 

The results for compressor sections I and II shall be converted 
to guarantee conditions separately, in accordance with 
figure D.9. 

The input values for figure D.9 are given in table F.71 and the 
calculation results are given in table F.72. 

Performance curves are then to be plotted for each section 
separately and the steepness of the pressure-volume curves as 
defined in this International Standard shall be checked. (The 
curves are assumed to be steep.) 

The converted performance curves of sections I and II will then 
be combined to give the performance curve of the compressor. 

This combination follows figure D.11 inasmuch as it is ap- 
plicable to real gases and Schultz's polytropic analysis. 



F.6.7.3.2 Conversion formulae (see figure D.9) 

Some comments are necessary regarding calculation of 
converted internal power, especially regarding consideration of 
leakage losses. 

The following formula will be used: 

P ■ r. - n v ^.t.l.Co* ^w.pol.Co /, , Ag Kt1LC o \ 

^in,Co - t?t,1,Gu x ' — |1 + J 

fpol.Te \ 1v.\,\SJt> J 

where 

Art - °' 5 v A,2,H,Co 

«?t,1,Gu Pt.ZK.Gu 



is the internal leakage loss in cubic metres per second, with 
e t ,i,Gu m kilograms per cubic metre. 

(There is no noticeable external leakage loss because of oil 
seals. ) 

This formula is based on the agreement made before the test 
and requires the knowledge of the converted discharge 
pressure of section II. As the two sections will be converted 
separately, a problem arises for section I. The difficulty can be 
overcome by adding the loss to the total compressor power 
after combination of the performance curves of both sections. 

As a consequence, the following modified conversion formulae 
for internal compressor power will be used and plotted for use 
according to figure D.11 (combined performance of both com- 
pressor sections) . 



a) Compressor section : 

P,r 



in, Co 



/l + A< 7Kt,1,L,Co \ 
\ fKU.Co J 



b) Compressor: 



= <Pt,1,Gu x 



fpol.Te 



in,Co 



_ (■Pin.l.Co + ^in,II.Co> L 0>5 Pt.2,H,Co \ 

(1 + Ag Kt,1,L,Co \ \ ?m,ut.Co 0t,2,ll,Gu/ 
<?Kt,1,Co 7 



where 7 w<u t,Co is expressed in kilograms per second. 



Table F.71 — Input values for figure D.9 



Symbol 


Test No. 1 


Numeric 
Test No. 2 


;al value 
Test No. 3 


Test No. 4 


Unit 


Z M.II,Te 


0,930 6 


0,935 3 


0,939 9 


0,946 


— 


*M,ll,Te 


0,281 1 


0,260 8 


0,237 8 


0,208 2 


— 


y M,ll,Te 


1,0810 


1,076 1 


1,070 


1,063 6 


— 


c pM,\\Je 


2 060,1 


2 043,9 


2 026,9 


2 006,8 


J/(kg-°C) 



Table F.72 - Test values to be converted to specified conditions 



Symbol 


Test No. 1 


Numeri* 
Test No. 2 


:al value 
Test No. 3 


Test No. 4 


Unit 


?K,t,1,ll,Te 


0,574 2 


0,622 3 


0,659 7 


0,698 1 


nrvVs 


IPtz/Pxsk.Te 


3,505 3 


3,335 9 


3,042 8 


2,640 5 


— 


""ll.Te 


0,169 49 


0,168 46 


0,171 60 


0,184 56 


— 


"ll.Te 


1,157 58 


1,157 80 


1,166 02 


1,189 65 


— 


^m.pol.ll.Te 


82 346 


79 131 


73140 


63772 


J/kg 


fpol.ll.Te 


0,632 


0,638 


0,625 


0,576 


- 
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F. 6.7.3. 3 Section I numerical results 

Input data for figure D.9 which correspond to specified conditions are already known, except for the gas density, from the input list to 
figure D.7 {determination of the settings, see F. 6.6.2. 1.6). 



The gas density is 



£t,1,l,Gu = 



Pt,1,l,Gu 



3x10 5 



= 4,142 kg/m3 



*GiAuGu7*t. U Gu 238,66 x 0,975 3 x 311,2 
The calculation results are given in table F.73 and are plotted in figure F.19 

Table F.73 — Calculation results — Section 



Symbols 




Numerical value 






and formulae 


Test No. 1 


Test No. 2 


Test No. 3 


Test No. 4 


Unit 


«Kt,1,l,Co 


2,392 3 


2,468 5 


2,517 3 


2,558 2 


m3/s 


**m,pol,l,Co 


103 599 


99 904 


97 058 


93 855 


J/kg 


m l,Co 


0,153 92 


0,155 29 


0,157 05 


0,159 39 


- 


"l,Co 


1,155 48 


1,157 56 


1,160 23 


1,163 79 


- 


<Pt,2APt,1>l,Co 


3,699 


3,539 


3,419 


3,288 


- 


p ii\,\,Co 


302,6 


304,1 


304,1 


304,7 


kW-m3/kg 


<?t,1,l,Gu(' + „ 1 

\ <?K,t,1 /l,Co 



For comparison, values corresponding to the specified point are as follows : 
0K,t,UGu = 2,415 m3/s 
<Pty/\i>i,Gu = 3,433 
Pu 



[<+%). 



= 292,04 kW-nrvV kg 



I.Gu 



The pressure-volume curve is steep. 

F.6.7.3.4 Section II numerical results 

Input data for figure D.9 corresponding to specified conditions are given in F.6.6.2.2.4. 

The gas density is 



Pt.1,ll,Gu 

Pt,1,ll,Gll ~ D 7 T 

/< Gu z t,1,ll,Gu y t,1,ll,Gu 



10,3 x 10 5 



= 14,78 kg/m3 



238,66x0,917 5x318,2 
The calculation results are given in table F.74 and are plotted in figure F.20. 

Table F.74 — Calculation results — Section II 



Symbols 
and formulae 


Test No. 1 


Numeric 
Test No. 2 


:al value 
Test No. 3 


Test No. 4 


Unit 


?K,t.1,ll,Co 


0,620 7 


0,627 8 


0,713 2 


0,754 7 


m3/s 


^VpoU^Co 


96 240 


92 483 


85 481 


74 532 


J/kg 


m n,Co 


0,192 94 


0,191 52 


0,194 63 


0,207 59 


- 


"ll.Co 


1,171 67 


1,168 89 


1,175 04 


1,201 46 


- 


'^U^t.l'llXo 


3,578 


3,368 


3,086 


2,675 


- 


^inJI.Co 


94,52 


97,52 


97,55 


97,65 


kW.m3/kg 


/, , A «K,t,1,L\ 
0t,1,ll,Gul 1 + „ J 

\ ?K,t,1 /II.Co 
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Values corresponding to the specified point are as follows : 

0Kt1.H,Gu = 0' 676 5 m3/s 
</>t.2//>t,l>n.Gu = 3,301 

Pin 



L ■ A< 7K,t,1,l- \ 
\ QVXX I 



97,68 kWm3/kg 



II, Gu 



The pressure-volume curve is steep. 

The test results therefore confirm the assumption made when determining the settings. 

F.6.7.4 Total compressor performance 

F.6.7.4.1 General 

The conversion formulae are based on figure D.11. 

For a chosen value of converted inlet volume flow of section I, the combination of the performance curves of both sections is carried 
out as described below. 

F.6.7.4.2 Section I 

F.6.7.4.2.1 Choose the inlet volume flow Qv,txiCo- 

F.6.7. 4.2.2 Read (/? t yPt,i>i,Co frorn the performance curve in figure F.19 and 



L . A< ?Kt.1,l \ 
°" V a 



I.Co 



F.6.7.4.2.3 Calculate 

Pin 



1 + 



Aqy,t,u 

?Kt,1 /l.Co 



and 



0t,1,l,Co = £t,1,l,Gu 



A.1.1 



<Zl*7"t,i>i 



Gu 



F.6.7.4.3 Section II 

F.6.7.4.3.1 Calculate the inlet volume flow 



1 



V>t.2'A.i'l,Co 



iZ,RT tA k 



(z,/?r ti1 ), 



Gu 



F.6.7 .4.3.2 Read U , tyPt,^ii,Co* rom tne performance curve in figure F.20 and 

Pin 



2t,1 



( ,+ ^f) 



II.Co 
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L Specified points 



O Test points 



E 



in 



w + 



A W 



*tjt,4 /J I .Co 




( ^/Pi) u .Co 3,5 



Steepness 

MP 2 /p,)>q VA 0,278-2,511 

A^lp^l" 0,10-3,433 
= 2,033 >1 



2,40 2,45 2,50 2,55 

9Kt.u,Co' m3/s 




2,60 



Figure F.19 — Compressor section I performance curves 
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en 



2C 



99 



98 



97 



L Specified points 



O Test points 



in 



/ Hn L \ 96 

. \ v KM/Jl,Co 



95 



94 



3,6 



(P2/Pl)ui,Co 3 > 

3,2 

3,0 

2,8 
2,6 





















2j£ 




3 










4 






























u 














i 






Steepness 

At/i/p, 
A<7 K y(P 


Yq vy 0,535-0,61 


53 

1 _ 


1 






2^ 

= 1 


0,08-3,30 
384 > 1 


- 





^S\2 

c 


I ^^. 














i 
1 

1 
1 


^N 












1 
1 
1 














1 
1 
1 
1 






a\> 



0,62 0,64 0,66 0,68 0,70 0,72 0,74 0,76 

<7iai,ii,co' m3/s 



Figure F.20 — Compressor section II performance curves 
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F.6.7.4.3.3 Calculate 



\ 



1 + 



A< 7Kt,U 
Qv.t.l /il.Co 



Pin 



/. . At 7Kt.u \ 

g M + __ 



( P;,2 \ Pt.l.l.C 



Gu 

'll.Gu 



.Co 



F.6.7.4.4 Total compressor performance characteristics 

The total compressor performance characteristics are as follows: 

a) usable mass flow 

Qm.ut.Co ~ 0K1,l,Co x &t,1.I.Gu 

b) discharge pressure 



Pt.2,M,Co = Pt.U.Gu * 

c) internal power 



\Pt,l|l,Co \^t,l/ Il.Co 



in, Co 



1 + 



A <?Kt,1,L 
<7^,t,i /l.Co 



1 + 



<?Kt,1 /ll,Co 



x (l + A ^t.l,L J 



QV,\A 'I.Co 



where 



<7^,t,1,L,l,Co 



0,5 A,2, ii.cq 



Gt,1,I.Gu A,2,II.Gu 
is in cubic metres per second, and £t,i.i.Gu is in kilograms per cubic metre; 
d) power at coupling including gear losses 

^e.Co = ^in.Co + P f,oil,Gu> x q gy 4 

where 

Pf.oii.Gu = 58kW 

0,974 is the step-up gear efficiency (see F.6.5). 

F.6.7.4.5 Numerical results 

NOTE — The following point numbers bear no relation to the test numbers used previously. 
2t,UGu = 4 - 142 k 9 /m3 (see F -6-7.3.3) 



iZ,RT ) tt 



= 0,961 9 



_ 0.917 5 x 238,66 x 318,2 
[iZ,RT^) t \ Gu = 0,975 3 x 238,66 x 311,2 

Pt,i,i,Gu = 3 Dar (absolute) 
Pt,i,n,Gu = 34 bar (absolute) 

*?" =4,305 6kg/m3 
Wl" y t,l'll,Gu 

A synopsis of the numerical results is given in table F.75. 
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Table F.75 — Synopsis of numerical results 



Designation 


Symbols 
and formulae 


Point 1 


Numeri 
Point 2 


cal value 
Point 3 


Point 4 


Unit 


Section I (see figure F.19) 














Volume flow 


<?K,t,1,l,Co 


2,40 


2,45 


2,50 


2,54 


m 3 /s 


Pressure ratio 


<A>ty/>t,i>i,co 


3,684 


3,583 


3,460 


3,347 


- 


Internal power, specific 




Pm 1 


I.Co 


302,75 


303,80 


304,80 


304,95 


kWm 3 /kg 


1, , A< 7r.t.u\ 


Internal power 




/ P* \ 




1 253,9 


1 258,2 


1 262,4 


1 263,0 


kW 


(, + a »kul) 




\ 1VX1 /l,Co 












Section II (see figure F.20) 














Volume flow 


^KU.II.Co 


0,626 6 


0,657 7 


0,695 


0,730 


m 3 /s 


Pressure ratio 


lPt.2/Pt.1 'll,Co 


3,570 


3,432 


3,226 


2,930 


- 


Internal power, specific 




Pin 1 


II, Co 


95,20 


97,07 


97,55 


97,66 


kW-m3/kg 


„ d . A «yxix\ 


Internal power 




/ P» \ 




1 520,1 


1 497,5 


1 453,2 


1 407,4 


kW 


ll , **".!.«. 1 




\ <7Kt,1 1 II, Co 












Total compressor performance 
(see figure F.21) 














Usable mass flow 


Qm.ut.Co 


994 


10,15 


10,35 


10,52 


kg/s 


Discharge pressure 


Pi.lM.Co 


38,79 


36,89 


33,49 


29,42 


bar 


Relative leakage loss 


A< ?V.t,U 
*Kt,1 


0,057 5 


0,053 5 


0,047 6 


0,0401 


— 


Internal power 


P\n,Co 


2 922,9 


2 903,1 


2 844,9 


2 779,6 


kW 


Power at coupling, including gear loss 


Pe.Co 


3,060,5 


3 040,1 


2 980,4 


2 913,3 


kW 



F.6.7.5 Test uncertainty 

F.6.7.5.1 Resulting test uncertainty 

The additional tolerance r^j is found in accordance with the 
graph shown in figure D.2. 

Section I 

AV tiVA = 0,025 

r«dj - 1 % 
Section II 

AK r , tol = 0,01 



r adj 



= 



The resulting test uncertainties were calculated separately for 
both compressor sections and then combined in accordance 
with 9.2.7. 

The uncertainty in the combined pressure ratio was calculated 
for the conditions of point 2, which are closest to those of the 



specified point. The polytropic compression work was taken 
from a plot against converted inlet volume flow: 

"m.pd.i.co = 101 050 J/kg 

**Vpoi,.i,Co = 94 000 J/kg 

tW mpoiCo = 101 050 + 94 000 = 195 050 J/kg 

The test uncertainty in the internal power of a compressor sec- 
tion was estimated as the result of the uncertainties in usable 
mass flow and in the gas temperature difference between 
outlet and inlet, again for the conditions of point 2. 

The uncertainty in the combined internal power was calculated 
for the conditions of point 2 

^in,i,Co = 1,053 5 x 1 258,2 = 1 325,5 kW 
^in.H.Co = 1,053 5 x 1 497,5 = 1 577,6 kW 
IP in Co = 1 325,5 + 1 577,6 = 2 903,1 kW 
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The uncertainty in the combined power at coupling is 
calculated in accordance with the method of power measure- 
ment 1 for a cooled compressor (see 8.2.4.2) given in table 9. 

For point 2 we obtain 

P iaCo = 2 903,1kW 

/> e<Co = 3 040,1 kW 

WPikco = 3,583 



Pln,».Co= 1 577,6 kW 
P lCo = 137 kW 

F.6.7.5.2 Comparison with guarantee 

According to 9.3.2 the guarantee is not fulfilled as regards mass 
flow, which is slightly higher than that specified, even taking 
into account the test uncertainties. See also figure F.21. 

F. 6.7.5.3 Synopsis 

A synopsis of the resulting test uncertainty for example 6 is 
given in table F.76. 



Table F.76 — Resulting test uncertainty 



Designation 


Symbol 


Section 1 


Numeric 
Comments 


:al value 
Section II 


Comments 


Uncertainty in volumetric 


r </,„,Te 


2,1 % 




2,1 % 


See ISO 5167-1 


flow at inlet 


T N.Te 


0,1 % 




0,1 % 






r P,,Te 


0,14 % 


(U-tube) (mmHg) 


0,95% 


Quality grade 0,6; 










final value 5 bar gauge 




T 7-,,Te 


0,35% 




0,35% 






T Z,,Te 


0,5% 


(Estimated) 


0,5% 


(Estimated) 




T res 


2,19% 




2,39 % 


See 9.2.5 




^adj 


1 % 











r tot,<7 |/ ,1,Te ~ r tot,c7 m ,ut,Co 


2,41 % 




2,39% 


See 9.2.9 




T comb,<7,„,ut,Co 


— (1 + 0,2) x (2,41 + 2,39) = 2,88 % 
2 

with z = 2 


See 9.2.8.1 


Uncertainty in pressure ratio 


N r 


0,995 




0,992 






Mp 2 /pi) 


1,234 




1,194 


WP\ >Gu 




T P2' Te 


0,95% 


See r^je- Section II 


1,20 % 


Quality grade 0,6; 
final value 25 bar gauge 




T res 


1,75 % 




2,09 % 


See 9.2.6 




T adj 


1 % 











T tot,pj//»i,Te 


2,02% 




2,09 % 






T comb,p 2 /pf,Co 


(1 + 0,2) J2,02 x 101 05 ° + 2,09 x ^ °°° I - 2,46 % 
\ 195 050 195 050/ 

with z = 2 


For point 2 conditions, 
see 9.2.8.2 


Uncertainty in power 


T P in ,Te 


4% 




4 % 


(Estimated) 


at coupling 


T adj 


1 % 











T tot,/> in ,Te 


4,1 % 




4 % 






T comb,/> in ,Co 


(1 + 0,2)|4,1 x 1 325 - 5 + 4 x 1 577 ' 6 \- 4,85 % 
( 2 903,1 2 903,11 
\ with z = 2 ' 


For point 2 conditions, 
see 9.2.8.3 


Uncertainty in combined 
power at coupling 
(see table 91 


-^H. = 0,954 9 
Pe 


-^L = 0,045 06 Cn = 0-543 Inl — 
Pe P \P 


M = 1,276 2 
1 /' 




Tcomb,P B ,Co = [(0,954 9 x 


4,85) 2 + (0,045 06 x 10) 2 + (1,884 x 0,1) 2 + (0,15 x 0,3. 


5) 2 + (0,15 x0,5) 2 + 




+ (0,543 > 


0,35) 2 + (0,543 x 0,5) 2 ] 1 ' 2 = 4,67 % 






assuming that zp = 10 


% 
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L Specified points 



Points resulting from combination 
O of converted test performance curves 



3 400 



qT 3200 



3 000 



2 800 



fe 40 

-O 



38 



36 



34 



32 



30 



28 




9,6 9,8 10,0 10,2 10,4 10,6 10,8 

«Wo ' kg/s 



Figure F.21 — Total compressor performance curves 
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Annex G 

(informative) 
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